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The  structure, properties, and methods of preparation 
of highly dispersed transition metals have been studied 
extensively for t he  past century and especially for the 
past 50 years in light of their  role in catalysis. The 
catalytic usefulness of these types o f  materials has been 
exploited extensively by chemical engineers and chem- 
ists in petroleum and related fields. More  recently ( i n  
the last 10 years), the unusual properties of very small 
metal l ic particles and their  modes of formation and 
stabilization have attracted the attention of theoretical 
and experimental physicists. The  interest in this area 
is accelerating rapidly. T h e  unusual structural, mag- 
netic, electrical, and chemical properties o f  very highly 
dispersed metals (compared w i t h  properties of bulk 
states) have brought cooperative work between physi- 
cists, chemists, engineers, and material scientists. Due 
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to the different disciplines of science involved and 
rather poor communications between them, each field 
has developed its own methods for the characterization 
and use of small metal particles. Only very recently 
have these fields merged to a point where there is a 
realization of the complementary nature of the work by 
each discipline. 

It is the goal of this review to make clear the im- 
portant results obtained by the various scientific fields 
in the study of the preparations, properties, reactivities, 
and methods of characterization of very small metal 
particles as related to catalysis research. A description 
of the forms of highly dispersed metals for use in ca- 
talysis research will be presented along with their im- 
portant structural features and examples of their use. 
Since the uniqueness of dispersed metals will be 
stressed, a section on massive metal catalysts will be 
presented for comparative purposes. In addition, the 
growth of small particles from single atoms will be 
considered, followed by discussions of the properties of 
the resultant clusters. Emphasis will be placed 
throughout on the unusual reactivities and catalytic 
abilities of small metal particles, especially with regard 
to reactions of simple hydrocarbons on metal surfaces. 
The forms of dispersed metals will be broken down into 
these general categories: (1) thin films, (2) small 
crystallites (supported, unsupported, and theoretical), 
(3) clusters (“naked”, ligand stabilized, and theoretical). 
There will be many points of overlap of these categories, 
and comparisons between them will be frequent. And 
in order to limit the scope of the review somewhat, 
nickel will be primarily considered over other metals 
whenever possible. Also note that unsupported metal 
particles will be emphasized, and supported systems will 
only be discussed intermittantly. Thus, support effects 
will not be discussed. 
I I .  Massive Metal Catalysts 

Massive metals are characterized by having a well- 
ordered infinite lattice of metal atoms. The properties 
of massive metals are very different from those of highly 
dispersed metals, and the primary use of massive metals 
in catalysis research is as a model for determining the 
role of the metal type and the effect of surface clean- 
liness on catalytic activity. Surfaces of bulk metals can 
be scrupulously cleaned without causing drastic changes 
in the properties of the metal. Techniques are available 
to assess the cleanliness of the surface (LEED, AES, 
etc.). The advantage in the study of bulk metal surfaces 
lies in the control of variables, the most important of 
which are cleanliness and structural integrity. Various 
forms of bulk metals such as foils, wires, ribbons, pellets, 
etc. have been used as catalysts. The most important 
form, due to the control of variables, is the single 
crystal. Using single crystals, studies of catalytic re- 
actions on specific crystallographic planes can be made. 
Controlled exposure of other crystallographic planes can 
be obtained as well as production of structures not 
present on “smooth” metal surfaces (i.e., steps, corners, 
terraces, kinks, etc.) by cutting these single crystals. 
The use of well crystallographically characterized single 
crystals has shed a great deal of light on the under- 
standing of the catalytic abilities of metal atoms in 
various positions of a metallic lattice, and correlations 
with dispersed metal systems have been made. An 
examplr of this type of system is the selective dehy- 
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drogenation and hydrogenolysis of cyclohexane and 
cyclohexene on stepped platinum surfaces reported by 
Somorjai and Blakely.’ These workers found atomic 
steps on the metal surface to be active sites for C-H and 
H-H bond breaking. Hydrogenolysis reactions in- 
creased but dehydrogenation reactions were unaffected 
by putting kinks in the steps. This work demonstrated 
the feasibility of etching a metal surface to control se- 
lectivity for a specific reaction type. Furthermore, an 
earlier study by Somorjai and co-workers showed that 
H-D exchange occurred readily on a single platinum 
crystal with a high Miller index [997] but not detectably 
on one with a low Miller index [lll]. This difference 
in reactivity was ascribed to the large density of atomic 
steps present on the high-index surface.2 The impor- 
tance of low coordination metal atoms in such sites as 
edges and corners of crystallographic planes will be 
dealt with in some depth when electronic and catalytic 
properties of small metal crystallites are discussed later. 

Another form of bulk metal used in catalysis research 
is that of thick films. These films, deposited on a wide 
variety of substrates (glasses, alkali halides, etc.), fall 
into the bulk metal category when the film has reached 
a film thickness of about 50 nm.3 Thinner films have 
“islands” of isolated crystals which give rise to nonbulk 
properties. 

The general methods of preparing metal films, thin 
or thick, are (a) thermal evaporation, (b) sputtering, and 
(c) chemical deposition. The fiist two categories are the 
most industrially i m p ~ r t a n t . ~  While continuous metal 
films exhibit properties very similar to those of massive 
metals, many differences can be present. The surface 
structure of evaporated films is very sensitive to the 
conditions of preparation, and these films may be rather 
porous, with densities varying from that of the bulk 
metal. This also affects the electrical resistivity which 
in turn is sensitive to adsorption of gases. The nature 
of the substrate and deposition conditions can greatly 
affect the crystallinity of evaporated metal films. Films 
can be grown epitaxially to the extreme of a single 
crystal film on some supports such as rock salt or 
polycrystalline with completely randomly oriented 
crystals (e.g., deposition on glass substrates). The most 
obvious property of thick films is the porosity which is 
evidenced by the ratio, R, of the actual surface area (as 
measured by gas adsorption techniques) to the geo- 
metric surface area. For a single metal crystal or 
massive metal R is unity, while for metal films values 
of R are greater than unity. This is due to the process 
by which films grow creating crystals, epitaxed or ran- 
domly oriented, which have small gaps between them. 
These gaps are small enough so that diffusion of reac- 
tants (for a catalytic reaction) into them is unimportant 
in the overall reaction kinetics. However, many types 
of crystal planes are exposed on the surface of poly- 
crystalline films which should greatly affect catalytic 
properties. 

Conditions employed for the deposition of metal films 
have a great influence on their topographical properties. 
In general, higher melting metals yield narrower crystals 
whereas thicker films have large crystal widths. Fur- 
thermore, higher substrate temperatures tend to cause 
a smoothing out of surface irregularities and larger 
crystal widths. An example of deposition parameter 
affects on the structure of thick films is given in Table 
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TABLE I. Nickel Film Catalysts Deposited on 
Glass at - Pa3 

substrate 
specific temperature 

film during average 
weight, deposition, crystal 

f i g  mm-* K width, nm R 
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0.65 273 46 7.9 
0.65 27 3 - 200 1.3 

I. The gaps between crystals in films deposited at 
relatively low temperatures can be decreased in size or 
completely eliminated by annealing the film at elevated 
temperatures. For platinum, palladium, and nickel, R 
decreases toward unity up to -470 K, above which little 
change  occur^.^ This reduction of gap size causes 
changes in electrical properties compared with those of 
bulk metal and ultimately leads to a featureless surface 
topography. 

Epitaxy is an intensively studied phenomenon of film 
growth in which a metal is deposited on a substrate 
consisting of an exposed single crystal plane such as the 
[loo] face of cleaved alkali halides. The influence of 
the substrate causes oriented growth of metal crystals. 
Thus, fccub metals grow with their crystals parallel to 
[loo], [110], and [ l l l ]  surfaces of NaC1, but on [OOl] 
mica cleavage planes they grow with a [ l l l ]  plane 
parallel to the substrate forming a hexagonal arrange- 
ment of atoms.5 It may be noted that the term epitaxy, 
meaning “arrangement on”, was first introduced by 
Royer in 1928 and had been observed occurring natu- 
rally on minerals long before its use in oriented metal 
film growth.6 

When epitaxed films were annealed at temperatures 
much higher than the deposition temperature, the 
crystal gaps were closed, which lead to an almost com- 
pletely single, oriented crystal film. In order for epi- 
taxed films to be useful in catalytic research large 
surface areas would be desirable. The use of metal 
deposition on single cleaved rock salt surfaces produces 
films of small surface area. So that larger surfaces could 
be obtained, a technique was developed by Anderson 
and Avery in which an evaporated layer of rock salt was 
used as the   up port.^ This method is limited by the 
maximum substrate temperature which can be effec- 
tively used without causing problems of distorting the 
support surface which is -520 K. In general, higher 
melting metals require higher substrate temperatures 
during deposition in order for epitaxy to be optimized. 
Due to this and the previously mentioned limitation, 
platinum could not be epitaxially grown in this manner, 
yet nickel could be grown epitaxially. 

Metal films, oriented or not, have become useful in 
the study of surface reactions, but their correlations 
with structural and electronic properties of various 
catalytic metals have only become useful since the ad- 
vent of tools necessary for characterization of the metal 
surfaces. The use of ultrahigh vacuum conditions was 
needed as well as surface structural and chemical com- 
position determination methods. It is in fulfilling these 
needs that great technological improvements have been 
evolved. Pressures as low as torr can now be 
achieved by using various pumping systems such as 
sputter-ion pumps, titanium sublimation pumps, turbo 
molecular pumps, titanium sublimation pumps, turbo 
molecular pumps, getter pumps, etc. Methods of 

characterizing and cleaning film surfaces such as elec- 
tron microscopy, low-energy electron diffraction 
(LEED), Auger electron spectroscopy, and ion sputter 
cleaning are available which allow very good control and 
knowledge of metal surface properties and changes in 
these properties upon chemisorption. Indeed, the use 
of films in catalysis research arose out of a need for 
unambiguously clean metal surfaces on which to study 
chemisorption. Chemisorption is one of the most fun- 
damental steps in a catalytic reaction, and any kind of 
impurity present in a system designed to study this 
important process can only further (usually hopelessly) 
complicate an already complicated system and lead to 
uninterpretable results. 

An example which illustrates the importance of the 
studies of massive metals and thick films discussed 
above is in order. Kishimoto studied the effect of an- 
nealing cold worked, bulk platinum, palladium, and 
nickel on the catalytic activity of formic acid decom- 
position.s He observed great changes in catalytic ac- 
tivity upon annealing the metals to temperatures at  
which dislocations (lattice misfits) disappeared (3(Xt900 
“C). The results were interpreted as showing that the 
presence of such dislocations at the surfaces of the 
catalysts plays a very important role in governing the 
activity. 

Powders of bulk metals which are composed of very 
large particles (>1 pm) exhibit bulk properties and can 
be considered under the category of massive metal 
catalysts. These types of catalysts can be activated 
relative to the undivided bulk metal by various me- 
chanical means. Schrader and co-workers studied the 
effect of mechanical activation of nickel (99.4% Ni) 
catalysts.1° Methods of activation attempted were 
pressing, rolling, filing, disintegrating, milling, and at- 
trition (grinding down by friction). Pressing, rolling, 
and filing had little effect on catalytic activity as 
measured by orthohydrogen-parahydrogen conversion. 
However, attrition increased the catalytic activity of the 
nickel. 

The place of massive metals in basic catalysis re- 
search should be clarified in concluding this subsection. 
The fundamental interactions between molecules and 
the metal surface needs to be understood, and that is 
the purpose of studying clean metal surfaces. However, 
reactions of molecules on well-characterized, scrupu- 
lously clean metal surfaces a t  low pressures is far re- 
moved from the real world in which the catalyst must 
operate. This divergence is unavoidable and leads to 
a,conflict between those who are concerned only with 
making their reaction proceed more economically and 
cannot wait for full (or even partial) understanding of 
the catalytic system and those who strive for an un- 
derstanding of the catalyst. Venables classified these 
two groups as “technologists (Homo fuber) and scientist 
(Homo s~piens?)”.~ 

ZZZ. Basic Forms of Dispersed Metals 

A. Thin Metal Films 

As mentioned in the previous subsection, there are 
many different methods of depositing metals in the 
form of films on various substrates. A t  much lower 
deposition rates and times than those needed to pro- 
duce the thick films, thin (actually ultrathin) films may 
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be formed. These films are characterized as being 
composed of very small isolated metal crystals (crys- 
tallites). These films are, therefore, discontinuous in 
contrast to the continuous thicker films that exhibit 
bulk properties. A great deal more catalytic work has 
been performed recently with ultrathin metal films than 
with the thick films. The reason for this is that when 
the film is thin enough (on the order of a monolayer of 
atoms) it can serve as a model for highly dispersed 
metal catalysts and yet retain the advantages of control 
of cleanliness and surface reproducibility. The main 
features of the ultrathin films are small crystallite sizes 
(several nm down to <0.5 nm) and high surface areas 
(- 150 cm2 to several m2).,311 Due to conditions in which 
ultrathin films are usually prepared (evaporative or 
sputtering deposition) they have limited value. Films 
of all metals sinter (increase in crystallite sizes) to some 
extent when raised to some temperature above that at 
which they were deposited. Therefore, changes in the 
structures of films deposited at low temperatures will 
be unavoidable when they are to be used at  the higher 
temperatures required for many catalytic reactions. 
The subject of sintering as well as initial particle growth 
of this type of highly dispersed metal will be treated in 
detail in the next section. Another limit to the advan- 
tages of ultrathin metal films is their inherent suscep- 
tibility toward contamination (poisoning). For example, 
mercury atoms (from manometers or Hg diffusion 
pumps) will irreversibly chemisorb to the surfaces of 
many metals, thereby displacing more weakly chemi- 
sorbed atoms or molecules such as hydrogen. Stopcock 
grease, CO, and sulfur compounds are other common 
poisons. 

Methods of preparing ultrathin films commonly em- 
ployed today are:5 (1) thermal evaporation-(a) resis- 
tive heating, (b) flash evaporation, (c) arc evaporation, 
(d) exploding wire technique, (e) laser evaporation, (f) 
rf heating, (g) electron bombardment; (2) cathodic 
sputtering (positive ion bombardment); (3) chemical 
methods-(a) electrodeposition, (b) chemical vapor 
deposition (especially thermal decomposition). An ex- 
cellent review of these methods is given by C h ~ p r a . ~  
The best control and monitoring of deposition param- 
eters are obtained by thermal evaporation and sput- 
tering techniques. The literature of thin film use dates 
back as early as 1852 with the work of Bunsen and 
Grove. Interest in the uses of the optical properties of 
metal films and investigations into the nature of two- 
dimensional solids caused a great deal of effort to be 
put into the studies of these systems. This work was 
mainly the concern of mechanical engineers, physicists, 
and material scientists for nearly a century. The study 
of chemical interactions of gases with metallic films did 
not come about until 1935.'' 

The classical work of Beeck and co-workers in 1941 
stimulated a fast growth in thin film catalysis research.14 
Beeck used a simple method for preparing the films. A 
thin metal wire was sealed in a glass tube, and impur- 
ities were desorbed by resistively heating the wire while 
pumping on the system. After degassing, film depos- 
ition onto the glass container walls was carried out by 
heating the wire to a temperature just below the metal 
melting point and condensing the vaporized metal at- 
oms on the walls which were cooled to 0 "C. Beeck 
found the surface area to be proportional to the film 

thickness, indicating a very porous framework with a 
large internal surface. Electrical conductivity was found 
to be about seven times less than that of the bulk metal. 

Today, evaporated films are by far the most widely 
used forms of metal for fundamental catalysis research. 

Instead of depositing a thin fiim by metal evaporation 
in vacuo, the evaporation can be carried out in the 
presence of a small residual pressure of an inert gas ( N 1 
torr). This technique, gas evaporation technique 
(GET), has been used extensively by small particle 
physicists in order to obtain films with narrow crys- 
tallite size distributions, average sizes less than 10 nm, 
particles electrically insulated from one another, and 
large sample sizes (0.1-1.0 g).15 There is evidence that 
the morphology of films can be altered by depositing 
them in the presence of low pressures of gases (low5 torr) 
since they may chemisorb to the nucleating particles 
and change the rate of self-diffusion on the surface. At 
lower pressures torr) changes would be expected 
to be insignificant since a film deposited in 100 s would 
contain a maximum of 0.1 of a monolayer. A t  high 
pressures (lo-, torr) of inert gas very noticeable changes 
in film structure occur.16 Beeck and co-workers claimed 
to have obtained completely "oriented" films of nickel 
by evaporation in 1 torr of N2 or Ar. These films, 
studied by electron diffraction, had the least dense 
plane [110] of nickel parallel to the glass substrate. Iron 
films deposited this way had their least dense plane 
[ l l l ]  also parallel to the substrate. Pressures of inert 
gases of 0.5-2 torr produced the same orientation. 
However, pressures of 5 X torr made the films less 
oriented, and under high vacuum (10-4-105 torr) com- 
pletely random orientation resulted. Furthermore, 
pressures over 2 torr resulted in less orientation until 
the orientation was completely random above 8 torr. 
Thus, film orientation is at  a maximum using about 
1-torr pressure. 

The catalytic activities of the oriented and nono- 
riented films were measured by the rate of ethylene 
hydrogenation. The completely oriented films of nickel 
produced in 1 torr of N2 had surface areas twice that 
of vacuum evaporated films but activities 10 times 
greater. This means a fivefold increase in activity for 
the oriented films over the nonoriented films. Since 
neither N2 nor Ar was expected to adsorb significantly 
to the nickel, the orientation was postulated to be 
caused by a kinetic effect such as dissipation of con- 
densation energy at the surface. The results could be 
attributed to a change in the energy distribution of the 
metal atoms before they reached the substrate surface, 
creating a preferred lattice formation upon condensa- 
tion. The catalytic activity differences could not be 
accounted for since it was not known whether the ad- 
sorption process, reaction, or vaporization of product 
was reponsible for the observed enhancement of rate 
for oriented films. 

In contrast, Logan and Kemball reported no evidence 
of orientation in nickel films produced by evaporation 
in the presence of 1 torr of nitrogen.17 Their test for 
catalytic activity was the exchange reaction between 
NH, and D2 at  50 OC. Three films evaporated in the 
presence of nitrogen had the same activity as normal 
vacuum deposited films. These films were of lighter 
weight than those of Beeck's, and in fact a fourth, 
heavier film, deposited in the same manner did have 
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twice the activity of the normal films, but no evidence 
of preferred orientation was found. These workers 
looked for orientation by use of X-ray diffraction, and 
it is likely that Beeck's interpretations of the electron 
diffraction patterns were incorrect.16 The microstruc- 
tures of these GET films are not clear, and much work 
is currently being carried out in this regard that will be 
treated in the following sections on particle growth. 
Films prepared by the GET are very porous as noted 
by many workers and originally by Beeck. He observed 
that the catalytic activity per unit weight of film was 
constant for various film weights, implying that the 
reacting gases (ethylene and hydrogen) must have had 
easy access to the interior of the film. 

More recent GET studies have shown that metal 
evaporation at  pressures greater than 1 torr result in 
gas-phase nucleation of the metal atoms, causing a 
precipitate in the form of a visible smoke to be de- 
posited on the substrate. The deposits are in the form 
of a sponge of crystals.16 Smoke was even observed as 
early as 1930 by Pfund when Bi was evaporated from 
a W wire in the presence of about 0.25 torr of &.Is This 
smoke was in the form of a black Bi "soot" which he 
observed could be used to coat delicate surfaces for the 
formation of thermopiles used in the generation of 
thermoelectric currents. 
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B. Metal Powders, Blacks, and Colloids 

Metal powders used as catalysts are most commonly 
prepared by hydrogen reduction of metal oxide pow- 
d e r ~ . ~  The oxide power is usually prepared by precip- 
itation of the metal as a hydroxide, carbonate, or basic 
carbonate. Thermal decomposition of nitrate, oxalate, 
or other salts of the metal can also be used to produce 
the metal oxide. Lower processing temperatures result 
in better metal dispersion than higher temperature 
treatments. This point is very important since a min- 
imum particle size is desired in order to achieve a 
maximum metal surface area per unit weight of metal. 
Commonly, rather large particle sizes (micrometer 
range) and low surface areas (0.1-1.0 m2 g-l) of the 
metal powders result. Decomposition of iron, cobalt, 
and nickel carbonyls can be used to prepare metal 
powders with particle sizes in the micrometer range. 
There are, however, many methods available which 
enable better dispersions. It is very difficult to compare 
the dispersions obtained by the many varied prepara- 
tive conditions used in the literature. Various methods 
found in the literature in which either surface areas or 
crystallite diameters of the resultant metals have been 
measured are given in Table 11. Other methods of 
preparing nickel catalysts are included in Table I1 for 
comparison. The Urishibara and Raney nickels are 
skeletal metal catalysts and are discussed later. As can 
be seen, drastic differences in surface areas and crys- 
tallite diameters have been achieved not only by use of 
different methods but also with very similar methods. 
For example, Ru particles prepared by reduction of 
RuC13.3H20 in aqueous NaE3H4 resulted in powder with 
a surface area of 26.4 m2 8-l; however, reduction of the 
same salt in aqueous formaldehyde resulted in surface 
areas of 4 and 33 m2 g-l by two different groups.1+21 It 
is very important for catalysis researchers to charac- 
terize their catalysts as fully as possible since there are 
so many variables that can affect the nature of the final 

TABLE 11. Effects of Preparative Methods on 
Dispersions of Metal Powders 

A. Reduction Precipitation of Metal Salts in Aqueous 
Medium Followed by H, Reduction of Precipitate 

H, surface 
redn. area, 

reducing teomp, (m2  
metal salt agent C g-l) ref 

Pd (NH,L- NaBH, 300 12.8 19 
PdCi, 

Pt H,PtCl; 

Rh RhCl, 
RU RuCl; 

RU RuCl,. 

RU RUC1,. 

6H,O 

3H,O 

3H,O 

3H,O 
Ir IrCI, 

Rh RhC1, 

NaBH, 300 3.7 19 

NaBH, 300 30.5 19  
NaBH, 300 26.4 19  

HCHOa (in 200 4.0 20 

HCHOa (in 200 33 21 

HCHOa (in 200 11 21 

HCHOa (in 200 7 21 

KOH soln) 

KOH soln) 

KOH soln) 

KOH soln) 

B. Adam's Preparation:', Metal Halide Fused with 
Sodium Metal Nitrate Followed by H,O Leaching and  

Then H, Reduction of t he  Metal Oxide 

metal salt temp, "C temp, "C ref 
fusion H, redn 

Pt PtCl, 500 200 23 
Rh RhCl, 500 200 23 
Ir IrC1, 500 200 23 
Ru RuCl , 500 200 23 

C. Thermal Decomposition of Nickel Salts Followed by 
H, Reduction Metal Oxide 

surf 
decompn H, redn area, crystallite 

salt temp, "C temp, "C mz  g-' size, A ref 

Ni(OH), 300 200 100-140 25 
Ni(OH), 350 260-400 7.0 130 26 
NiCO,. 300 200 130 25 

NiCO,. 400 350 0.82 27 

Ni( NO 1; 300 200 24 0 25 

Ni(OH), 

Ni(OH), 

6H,O" 
NiC,O, 300 200 
NiCO; 300 200 

230 25 
42 25 

Ni(OH),b 
D. Thermal Decomposition of Ni(CO), 

decompn surf area, crystallite 
temp, "C mz  g-l size, A ref 

260 0.15 < l o o 0  28 
320 0.24 < l o o 0  28 
325 0.30 <loo0  28 
330 0.38 < 1000 28 
300 -600 29 

E. Miscellaneous Preparations 

catalyst size, A ref 

U-Ni-A 37-41 29 
U-Ni-B 66-88 29 

Raney nickel 43 29 
Raney nickel 25-1 50 30 
Ni Vacuum Evaporationd 30 31 

crystallite 

UrushibaraC 

a Willstatter method.', 5 at .  % Ai additive. See 
text and Table V. 
phosphin0)butane. 

Particles collected in bis(dipheny1. 

catalysts. The nucleation and growth of metal particles 
seem to be very sensitive to the preparative conditions. 
One example is a study performed in 1958 in which 
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TABLE 111. Crystal Packing in Particles Produced by 
Thermal Decomposition of Organic Salts of Cobalt3’ 

surface area, 
salt % fccub m 2 g  ’ 

formate 80 i 
acetate 3 0 3 
pro pi0 na t e 20 13 
hut an oa te 1 5  24 
pentanoate 50 6 

TABLE IV. 
Sizes of Five Pd Blacks33 

Variations of Surface Areas and Crystallite 

sample A B C  D E  
surface area, m 2  g1 68 36 31 7 2 3.5 
crystallitesize, 1 70 140 160 690 1410 

X-ray studies were used to show that Co can crystallize 
into a fccub close-packed form to a limited extent upon 
thermal decomposition of various organic salts in va- 
C U O . ~ ~  Table I11 illustrates the effect of the starting salt 
on the nature of the metal powder. Above 420 “C Co 
normally undergoes a change from cph to fccub packing. 
It appears that the change is rather slow so that fccub 
packing can exist metastably at  lower temperatures. 

Metallic sponges are forms of metals, usually referred 
to as “blacks”, which are produced by the Willstatter 
method of metal salt reduction by formaldehyde under 
alkaline c0nditions.l’ The term “sponge” refers to the 
network of particle aggregates as seen under an electron 
microscope. Electron micrographs of palladium blacks 
are shown in a paper by Sermon.33 Again, the condi- 
tions of preparation greatly affect the degree of aggre- 
gation. Table IV shows the wide variations in particle 
sizes and surface areas obtained for five different Pd 
black samples. 

Colloidal metals are fine dispersions of metal particles 
with diameters in the range 103-104 A that can be held 
in a colloidal suspension by addition of a ~tabil izer.~ 
The colloids are usually formed in an aqueous medium, 
and a stabilizer is added such that a hydrophilic colloid 
is formed which is stable a t  concentrations up to 50 wt 
% . A typical stabilizer used is poly(viny1 alcohol) which 
adsorbs onto the surface of the metal particles. Colloids 
are generally very easily coagulated if the stabilizer is 
not present and difficult to separate from a reaction 
mixture when the stabilizer is present. There are three 
general methods used to prepare metal colloidal sus- 
pens ion~.~  The first is the Bredig technique which in- 
volves striking an arc between two metal wires under 
a very dilute solution of sodium hydroxide.” The 
second method utilizes controlled reductive precipita- 
tion of metal salts to yield particles of colloidal di- 
mensions. The third method uses metal hydroxide 
particles of colloidal dimensions which are precipitated 
and then reduced, the colloidal suspension being gen- 
erated by addition of a stabilizer. Without stabilizers, 
as in metal blacks preparations, even particles with very 
small sizes (<lo0 A average) will form aggregates above 
colloidal size and precipitate out of solution. 

As mentioned previously there are many methods 
found in the literature for preparing active unsupported 
metals for use as catalysts. In addition to those meth- 
ods already described, Table V shows variations which 
have appeared in the literature from 1947 to 1977 for 
preparation of active nickel suitable for gas or liquid 
phase hydrogenation reactions along with examples of 

their uses. The Urushibara catalysts will be considered 
as skeletal metals along with Raney nickel in the next 
section. Most of the catalysts prepared by methods 
shown in Table V have not been structurally charac- 
terized and may contain many inorganic impurities. For 
example, Brown’s P-2 nickel (part IA4 of Table V) is 
believed to contain Ni2B (B = boron) as the active 
species. The degree of reduction obtained by H, 
treatment of metal salts as shown in Table V (part IC) 
were not indicated in most cases. Table V is, therefore, 
to be considered only as an indication of the many 
synthetic parameters which have been varied to produce 
useful catalysts. 

C. Stabilized Porous and Skeletal Metals 

Stabilized porous metals contain a minor component 
which serves as a structural promotor to prevent ag- 
glomeration of the metal particles. Iron, cobalt, and 
nickel are the primary metals used in this form. They 
are prepared by various methods, the most common of 
which for cobalt and nickel is c~precipitation.~ In this 
method hydroxides of the metals and of the stabilizer 
(Mg, Th, etc.) are simultaneously precipitated from 
aqueous solution. The precipitate is then washed, fil- 
tered, dried, and reduced by hydrogen. Often a chem- 
ical promotor, such as a water-soluble potassium salt, 
which serves to alter the surface electronic properties 
of the metal, is added by impregnation prior to H2 re- 
duction. Addition of structural promotors allows pro- 
duction of catalysts with high surface areas which are 
much more thermally stable toward sintering. The 
amount of structural promotor added can vary so that 
there is no distinct separation between supported cat- 
alysts and structurally promoted catalysts. In fact, 
stabilized, porous metals are often placed on a support 
(such as kieselguhr) to improve reactant accessibility. 
Many variations in amounts and types of stabilizers 
have been used, but the understanding of these systems 
is at such a level that the variations are mainly em- 
pirical. An example of a stabilized porous metal is a 
typical Fischer-Tropsch catalyst with proportions of 
Co:Th02:MgO:kieselguhr of about 1005:10:200.11 Such 
catalysts generally have surface areas of 50-80 m2 g-1.3 

Skeletal metals are prepared by leaching out a non- 
transition-metal component from an alloy or precipi- 
tate. In the former case Raney metals are obtained by 
leaching aluminum from Ni-A1, Co-A1, or Fe-A1 alloys 
with aqueous base, such as NaOH. Urishibara catalysts 
are prepared by precipitation of metal halides with zinc 
or aluminum followed by digestion of the Zn or A1 with 
acid or alkali (cf. Tables I1 and V). 

There is an extensive literature on uses and prepa- 
ration variations of Raney nickel that has accumulated 
since its discovery in 192L3 Only recently, however, 
have structural and compositional characterizations of 
Raney nickel been made.69-72 Raney nickel has been 
studied by N2 adsorption surface are measurements, 
magnetic measurements, X-ray diffraction, small-angle 
X-ray scattering, and electron microscopy. 

Before the structure and composition of Raney nickel 
are described, a brief summary of this preparation is 
in order. A Raney nickel alloy (Ni-AI) is added to a 
sodium hydroxide aqueous solution to digest the alu- 
minum component. After digestion and washing by 
decanting, the sludge is placed in a washing tube in 
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TABLE V. Methods of Preparing Active Ni Catalysts (Unsupported) Suitable for Hydrogenation Reactions : General 
Survey 1947-1977 
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method of preparation 
typical compounds used for 

hydrogenation (when cited in ref) ref 

I. reduction of Ni salts 
A. reduction by BH; 

1, NiC1;6HZO in DMF 

2, NiC1,,6H,O in H,O o r  EtOH 
3, Ni(OAc), in H,O 
4, Ni(OAc), in EtOH 

B. treatment of Ni salt with 
BaSi,O, o r  Na,Si,O, followed 
by reduction of product with 
H, a t  520 "C 

C. reduction with H, 
1, Ni(HCO,),, 240-350 "C 
2, Ni oxalate, 282 "C 
3, Ni(OAr:), 
4, NiCO,, cooled in CO, 

current 
5, NiO, 240 "C 

310 "C 

6, NiO-Ni,O, b 400 "C 

7, Ni(OH), 
D. reduction with alkali metal and 

Lewis base 

lene-THF 
1, Ni(II), alkali metal in naphtha- 

2, Ni(NH,),(NO,),, Ca in liq NH, 
3, NiBr,, alkali metal in liq NH, 

E. addition of Ni salt t o  a support 
(e.g. silica gel) followed by 
reduction of Ni ions and removal 
of support 

F. miscellaneous recutions 
1, (acac),Ni reduced with LiAIHab 
2, (acac),Ni reduced with (i-Bu),Al 

in heptane 
3, Urushibara type  (activation of 

pptd Ni formed by NiCl, 
precipitation with Zn dust)  

method of activation type  
acid digesteda (U-Ni-A) 
base digesteda (U-Ni-B) 
neutral digestion with alcohol 

refluxin@ (U-Ni-N) 
11. thermal decomposition of Ni c o  

compounds (Ni may be powder 
or supported) 

A. Ni(HCO,), Ph,O-biphenyl 
B. Ni(HCO,), CO, (gas 
C. Ni(HCO,), 
D. Ni(HCO,), inert gas 180-300 "C 
E. Ni" oxalate (partial decomposition) 
F. Ni amalgam 

A. particles activated with NaOCl + 
dilute HC1 followed by H, 
reduction a t  3 50 ' 

B. Ni vacuum depostied and powder 
collected in bis(dipheny1phos- 

phino)butane 
C. Ni vacuum deposited a t  low 

temperature with hydrocarbons 
followed by warming 

IV. Treatment of Ni(CO), with nearly 
saturated solution of Al(NO,), 
containing 10% AcOH followed 
by digestion and reduction in H, 
at 450" 

111. atomization-decomposition 

Method of activation (type).  acac, acetylacetonato. 

unsaturated hydrocarbons under mild 34 

olefins 35-37 
olefins in general 38 
olefins (high selectivity) unsaturated 

aldehydes (e.g., benzaldehyde -f 
furfuryl alcohol) 

conditions 

41  

benzene 
benzene 

olefins (below room temp)  

1,3-butadiene 
1,3-butadiene -f 1-butene (major 

product ) 
benzene 
1,3-butadiene -f trans-2-butene 

benzene 
(major product) 

c yclohexene 

benzene 

benzene, toluene 
c yclohexene 

cyclohexene, cyclopentene 
c yclooctene 
1-octene 

dinitrotoluene 

benzene, toluene 

benzene 

42-44 
4 5  
46 
47 

48  
49 

44 
49 

44 

50 

51 
52 
53 

54 
55 

56 
56 
56, 57 

58 
59 
60, 6 1  
62  
6 3 , 6 4  
6 5  

66 

67 

75 

6 8  
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TABLE VI. Typical Chemical Compositions (5%) of 
Raney Nickel Catalysts 

Davis and Klabunde 

nickel surfaces, and this is the reason for the thermal 
stabilities of the  catalyst^.^ Furthermore, it has been 
shown that samples containing as little as 1 wt % alu- 
minum oxide underwent a reduction in surface area of 
only a factor of two upon heating to 750 K. A sample 
with 20 wt 5% aluminum oxide content underwent only 
a 20% reduction in surface area upon heating to 770 
K. It seems remarkable that only 1 wt % of this 
structural promotor can significantly maintain the 
particle size and surface area integrity. 

The skeletal nature of Raney nickel becomes appar- 
ent upon observation under an electron microscope. 
The catalysts appear as a sponge with grains of sizes 
larger than 1000 A which consist of collections of 
crystallites ranging in size from 25 to 150 A.71 Average 
pore radius is about 35 A, with smaller pores of 7-8 A 
in radius also present. The nickel is fccub-packed 
crystallites with an appreciable amount of defects. The 
concentration of lattice defects decreases with in- 
creasing treatment temperature. 

A final feature of Raney nickel is an evolution of 
varying amounts of hydrogen which occurs upon 
heating the “dry” catalyst. Much more H2 is released 
than can be accounted for by adsorption or solution in 
the metal phases as sources. It is believed that the 
major source of the hydrogen is from a reaction between 
residual metallic aluminum and water bound in the 
b a ~ e r i t e . ~  

Another type of catalyst which can be considered as 
a skeletal metal is the Urushibara catalyst, discovered 
by Urushibara in 1951.29 There are several types of 
Urushibara catalysts, such as U-Ni-A and U-Ni-B, 
which differ in their preparative details. The catalysts 
are prepared in two steps: (1) precipitation of nickel 
metal from solutions of nickel salts (e.g., NiC12) by more 
electropositive metals (e.g., Zn or Al) and (2) digestion 
of the Zn or A1 with acid or alkali. The catalysts are 
very active and easy to prepare, making them compe- 
titive with Raney nickel catalysts. In fact, it was a 
property of Raney nickel, the release of nascent hy- 
drogen during its preparation, that led Urushibara to 
the discovery of his catalyst. Urushibara thought that 
a common metal powder, not as active as Raney nickel, 
could be used to reduce estrone to estradiol if combined 
with nascent hydrogen. 

Kl Al Al,O, NiO ref 

9 5 4 - 0 2  3 , 5 1 0 1  0 0 3 - 0 0 1  O F i t O l  71 
7 5-80 I 0  > 72 
92-93 3 6-3 1 0 1 72 
7 7  9-90 i 0 - 5  ‘3 1-5 9 72  

TABLE VII. Effects of Heat Treatments on  Nickel 
Crystallite Size of Raney Nickel Catalysts 

average 
diameter 

treatment of crgstal- 

._ 

temp, ’C lites, i method ref 
25 

1 1 2  
176  
3 50 
600 

25 
3 1 0 
i 00 
25 

130 
2 3 

1 :3 0 
300 
4 if 0 

93 
1 1 2  
1 2 5  
1 4 0  
150 

36 
$0 
5; 
5 2 
37 
50 
61 
75  

103 

magnetic 
magnetic 
magnetic 
magnetic 
magnetic 
X-ray 
X-ra) 
X-ray 
X-ray 
X-ray 
X-ra) 
X-ray 
X-ray 
S - r a )  

71  
7 1  
7 1  
‘71 
’71 
7 2  
72  
7 2  
7 2  
72 
72 
72  
7 2  
72  

which the suspended catalyst is flushed with copious 
amounts of water under a hydrogen atmosphere. The 
catalyst is then washed with 95% ethanol and finally 
absolute ethanol and stored in the latter. The hydrogen 
atmosphere is present to maintain the reduced state of 
the catalyst. During digestion there is a constant evo- 
lution of hydrogen from the reaction 

2A1 + 20H- + 6H20 - 2[Al(OH)J + 3H2T 

which causes a self-reduction of the catalyst. Raney 
nickel alloys in the 40-50 wt % nickel range, as nor- 
mally used, have been shown not to be homogeneous 
but to contain several phases.69 The main phases 
present are P(NiAl,), y(NizA13), and a lesser amount of 
a eutectic containing about 5 wt % nickel. Alloys with 
higher nickel content contain significant amounts of 
NiAl which is unreactive toward alkali. Alloys con- 
taining lesser amounts (<40 wt % ) of nickel yield less 
catalyst so the 40-50 wt % nickel range is considered 
optimal. 

After digestion and washing, the final catalyst so 
produced is not pure nickel, as Table VI illustrates. All 
of the aluminum could not be removed even by leaching 
with boiling 6N NaOH.71 One study, in which NiO 
content was determined, showed that the nickel is well 
reduced in the preparation of Raney nickel.71 

The “impurities” in Raney nickel, especially alumi- 
num oxide (in the form of bayerite), do not have an 
adverse effect on its catalytic usefulness. The alumi- 
num oxide serves as a structural promoter to make the 
catalyst resistant to sintering. Table VI1 shows results 
of nickel crystallite size determinations by X-ray dif- 
fraction and magnetic methods for various heat-treated 
Raney nickel samples. As can be seen in Table VII, 
initial crystallite size is dependent upon preparative 
details, and all samples were very resistant to sintering. 
Scanning electron micrographs were very resistant to 
sintering. Scanning electron micrographs have shown 
that crystallites of bayerite occur over much of the 

estrone 170-estradiol 

He obtained “precipitated nickel” by adding zinc dust 
to a solution of nickel chloride. This precipitated nickel 
was then added to an alkaline solution of estrone, and 
aluminum powder was added to reduce the estrone with 
the nascent hydrogen generated and the nickel as a 
catalyst. This method worked very well. Urishibara 
next tried the same procedure but without adding alu- 
minum granules. Instead H, was bubbled through the 
solution. This method also worked well. However, 
without the alkalis the reduction failed. This was later 
shown to be due to large amounts of zinc hydroxide 
chloride produced during the precipitation process 
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which is insoluble in water but soluble in alkali and acid. 
The leaching process by base or acid removes all of the 
Zn(0H)Cl and produces a highly active catalyst.29 

X-ray diffraction studies have revealed that inactive 
U-Ni-B (prepared by digestion with base) contains no 
Zn(0H)Cl but does contain substantial amounts of zinc 
and zinc oxide.29 Table I1 shows nickel crystallite sizes 
obtained in Urushibara catalysts. The similarities be- 
tween Urushibara and Raney catalysts seem obvious. 
Both catalysts contain structural promotors and have 
a spongelike appearance. However, there are significant 
differences between the two. In Raney nickel prepa- 
ration, nickel crystallization or particle growth occurs 
when the aluminum component of the Ni-A1 alloy is 
dissolved by alkali. In contrast, nucleation and particle 
growth of nickel occur on the surface of zinc or alu- 
minum grains during the precipitation step in Urishi- 
bara catalyst preparations. Thus, the nickel particles 
are already formed before the zinc or aluminum is 
leached. In the preparation of Urushibara catalysts, the 
catalyst activity is a function of the conditions under 
which the precipitated metal is prepared. Conditions 
for the digestion step have little effect upon activity of 
the catalysts. 

It has been suggested that nucleation and growth of 
nickel on the surfaces of zinc grains may occur epitax- 
ially (discussed later) to force the nickel to crystallize 
in a cph structure.29 This epitaxy would be expected 
to be accompanied by a large amount of lattice defects 
which could be sites of catalytic activity. 

Abbreviations used for different Urushibara catalysts 
should be noted. U-Ni-A means a preparation in- 
volving zinc as a reducing agent and acid digestion 
(acetic acid) of the precipitated nickel. U-Ni-B is 
prepared by digestion with base. U-Ni-CA and U- 
Ni-CB preparations involve low temperature precipi- 
tation followed by acid and base leaching, respectively. 
U-Ni-AA and U-Ni-BA are similar to U-Ni-A and 
U-Ni-B except aluminum is used as the reducing agent. 
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D. Pseudoorganometalllc Powders 

Recently a new form of skeletal metal was reported, 
which was obtainable due to the surprising reaction of 
small "naked" Ni clusters with  alkane^.^^^^^ When Ni 
atoms (vapor) were codeposited with pentane vapor at 
-196 "C (77 K), a black matrix resulted. The color of 
the frozen matrix was undoubtedly due to the presence 
of Ni clusters formed by Ni atom migration. Upon 
warming to -130 "C (pentane melting point) a slurry 
of tiny Ni clusters/particles in pentane was formed. 
When this mixture was aged for 2 h, the Ni particles 
reacted extensively with the pentane (at -130 "C). The 
pentane was cleaved mainly into C1 species (proposed 
to be C, CH, CH2, and CH3, not carbides) which re- 
mained bound to the Ni particle surfaces. Thus, a 
N,C,H, "pseudoorganometallic" powder formed which 
was quite thermally stable (>200 "C) and released CH4 
and other fragments of the pentane upon treatment 
with HzO or Hz.73974 

This remarkable activity of naked Ni particles for 
alkane cleavage at -130 "C was shown to be general for 
a variety of alkanes. Stable N,C,H, formulations were 
those where the ratios of Ni:C:H were approximately 
(2-5):1:2. The carbonaceous species attached to the Ni 
surfaces were mainly C1 species, although large alkane 

SCHEME I 
M vapor (atoms) + alkane vapor 

1-196 "C cocondense 

M-alkane matrix (black) 

1 .  mel t  and worm to  -130 'C 
2. -130 'C, 2 h 
3. worm t o  room temperature 

M-alkane slurry M-alkane slurry 

l e v a c m i e  l e v o w a t e  

M-al kane M-alkane 
"pseudoorganometallic" 'pseudoorganometallic 

powder powder 

(rich in metal) 
ferromagnetic 

(rich in carbon/hydrogen) 
non-ferromagnetic when M = N I  

fragments were also present along with COz, which was 
formed by C1 species scavenging oxygen. 

These pseudoorganometallic powders proved to be 
extremely active catalysts in a variety of hydrogenation 
schemes.75 Furthermore, the concept of "clustering of 
metal atoms in organic media" has led to the production 
of a range of active/selective catalysts, supported and 
unsupported, in hydrogenation, hydrogenolysis, dehy- 
drogenation, and m e t h a n a t i ~ n . ~ ~  In addition, these 
powders have exhibited unusual magnetic properties, 
and for example, Ni powders could be prepared as 
stable nonferromagnetic or ferromagnetic materials at 
will, depending on experimental ~ o n d i t i o n s . ~ ~ J ~ s ~ ~  The 
magnetic behavior was apparently not due to crystallite 
size or long range ordering of the Ni atoms but instead 
was due to the thickness of carbonaceous layers on the 
crystallites (which were always <35 A).74177 Thick layers 
(powders rich in C, H) prevented coupling between 
crystallites, thereby precluding fe r r~magnet i sm.~~ 

The metals Fe, Co, and Ni behaved similarly (see 
Scheme I). 

Three significant conclusions resulted from these 
studies: (1) "naked" metal clusters have extremely high 
activity with alkanes as evidenced by extensive reaction 
taking place at -130 "C, (2) there is a competition set 
up in an alkane matrix between metal atom/cluster 
recombination vs. alkane reaction, and (3) at least for 
the group 8 metals, clusters are apparently more active 
with alkanes than atoms are. 

These topics will be touched upon again in later 
discussions. In the present context the most important 
point is that by the clustering of metal atoms in organic 
media, a new type of active skeletal metals are now 
available, which are actually pseudoorganometallic 
materials. 

I V. Nucleation and Growth of Small Metal 
Parflces 

This section will deal in more detail with the initial 
aggregation of metal atoms to form embryonic clusters 
which serve as nucleation or condensation centers in the 
earliest stages of metal particle formation or film 
growth. Theoretical as well as experimental studies of 
the modes of formation, geometry, and stabilization of 
very small particles will be discussed. The growth of 
the small particles up to an "equilibration" point at 
which they remain until thermally or chemically dis- 
turbed will also be included. Finally, the process of 
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sintering, which is a reinduced growth of the 
“equilibrated” metal particles, will be considered. The 
terms cluster, particle, crystal, and crystallite will be 
rather arbitrarily used. In general, the term “crystal” 
will be used when the order of an array of metal atoms, 
even though finite on an atomic scale, is to be empha- 
sized. “Crystallite” is technically to be considered as 
a small crystal, but the two terms may be interchanged 
without losing significance. “Clusters” generally refer 
to the smallest particles which will be described by 
geometric shapes rather than crystallographic lattice 
and long range order. The term “particle” will be used 
very arbitrarily such that a small particle may be a 
cluster and a large particle may be a crystallite. The 
meaning of these terms will be clear by context. 

Most studies on nucleation have involved the use of 
evaporated metal films. Growth and sintering studies 
have been concerned with films, supported metal cat- 
alysts, and to a much lesser extent metal powders and 
other forms of dispersed metals mentioned previously. 
The depth into which these topics will be discussed 
depends upon the interest of the scientific community 
as reflected in the literature. It should be pointed out 
that a great amount of work in this area has dealt with 
clean films because of their relative ease of study and 
control of variables. Also, much work has been done 
with supported metal catalysts due to their industrial 
importance. 

Davis and Klabunde 

A. Formation and Growth of Thin Metal Films 

In the early studies of film deposition, when modern 
tools such as electron microscopy and diffraction were 
not available, it was tacitly assumed that film growth 
occurred by simply coating the substrate surface with 
a continuous layer of atoms. It is now known that thin 
evaporated films are discontinuous consisting of 
“islands” of metal particles. The formation and growth 
of these islands have been studied intensively. Discrete 
stages are recognized which characterize film formation. 
These are (a) nucleation and growth, (b) coalescence, 
and (c) the filling-in stage. The earliest stages of nu- 
cleation and growth are the most difficult to study due 
to the small size of the clusters or particles present. 
Reproducible data on this stage of growth were obtained 
only after the advent of ultrahigh vacuum (UHV) con- 
ditions torr) in the 1950s. Later growth stages 
depend very sensitively upon the initial stage so it is 
very important to have a well-characterized and very 
clean substrate surface on which to commence depos- 
ition. The use of LEED and Auger electron spectros- 
copy attached to the UHV systems can be used to check 
for contamination before deposition. In order to fully 
understand and predict, the initial nucleation and 
growth process, physicists would like to perform the 
film deposition on a perfectly flat, clean surface. If this 
could be achieved, the use of statistical homogeneous 
nucleation theories could be directly applied. However, 
ideality seems to rarely be the case. Low energy elec- 
tron bombardment of the substrate surface for struc- 
tural characterization can induce severe defects which 
may act as sites of preferred nucleation so that the 
statistical nucleation would not be detected.78 Exper- 
imental problems such as this make film nucleation and 
growth investigations very challenging and necessitates 
much trdious work. 

1. Condensation and Nucleation 

a. Theory. Chopra gives an excellent review of the 
birth of discontinuous films which will be summarized 
in a concise form.5 

Consider metal atoms in the vapor state striking 
normal to the surface of a substrate. An individual 
atom, upon hitting the surface, rapidly loses kinetic and 
thermal energy. The loss of kinetic energy is a result 
of an inelastic collision of the atom with the surface. It 
loses most of its kinetic energy normal to the surface 
but may have some kinetic energy parallel to the sur- 
face. Depending upon how “hot” the impinging atom 
and how effective the substrate is toward dissipating 
the heat of the atom, it loses a certain amount of 
thermal energy. The efficiency of the substrate to 
thermally stabilize an atom striking its surface is in- 
fluenced by the heat of desorption Qdes. This is the 
energy that a thermally equilibrated atom on the sur- 
face must acquire in order to escape to the vapor phase. 
The degree of thermal equilibration actually achieved 
is also dependent on many other parameters as well. A 
measure of this equilibration efficiency is given by the 
accommodations coefficient, aT, as 

TI - TR E1 - ER 
QT=------=- TI - Ts Ei - E s  

where TI, T,, and TR are the temperatures of the in- 
cident atoms, the substrate, and the desorbed atoms, 
respectively, and E refers to their kinetic energies. 
Since Qdes depends upon the interaction between an 
impinged atom and the surface, its value is very sen- 
sitive toward the condition of the surface such as 
cleanliness. If Qdes is much greater than kT, where T 
is the temperature of an incident atom, an atom rapidly 
becomes thermally equilibrated and its mean stay time 
on the surface, before being desorbed, is long. During 
its stay time on the surface an atom is considered to be 
adsorbed and is called an “adatom”. If Qdes - RT, 
thermal equilibration is approached slowly and an 
adatom remains “hot”. This “hot” atom has a very short 
stay time. The thermally equilibrated atom spends its 
stay time diffusing about on the substrate surface. The 
distances X that an equilibrated adatom diffuses over 
the surface are given by the Einstein relation for 
Brownian movement: 

Qdes - Qd X = A e x p  2kT 

where a is the distance between adsorption sites on the 
surface and Qd is the activation energy for a surface 
diffusion jump. This theory assumes that the adatom 
migrates in the form of jumps between potential energy 
wells on the surface. Qd is therefore another parameter 
which is sensitive to the surface condition. If there are 
other adatoms within X of a given adatom, two of these 
may form a pair which may or may not be stable de- 
pending mainly upon the substrate temperature. The 
pairing of two adatoms marks the beginning of the 
nucleation process. Nucleation theories can now be 
used to evaluate the clustering or nucleation of adatoms. 
Two nucleation theories, yielding the same qualitative 
results, will be used. The first is the capillarity theory 
which shows the relationship between the size of a 
spherical cluster and its total free energy. The total free 
energy, AGO, needed to form a spherical cluster of ra- 
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Figure 1. Total free energy of clustering vs. nucleus size (F).~ 

dim r is taken as the sum of the energy needed to create 
a surface (surface energy) and the volume energy of 
condensation. The variation of AGO vs. r is shown in 
Figure 1. As can be seen, subcritical nuclei ( r  < r*), 
formed by collisions of thermally equilibrated adatoms 
jumping around on the surface, grow with an initial 
increase in free energy until a critical size is reached, 
greater than which growth continues with a decrease 
in free energy. Clusters smaller than r*, the radius of 
the critical nucleus, are unstable and decompose, while 
larger clusters spontaneously grow to form stable par- 
ticles. It can be seen now that an incident atom that 
instantaneously thermally equilibrates upon striking the 
surface can hop around on the surface for a finite length 
of time. If it collides with a critical nucleus or larger 
cluster it becomes stabilized on the surface in that 
cluster. If this atom collides with a subcritical nucleus 
the resultant cluster may become stable if the critical 
size results or if other adatoms collide with this sub- 
critical nucleus before dissociation occurs. The final 
fate of a migrating atom which fails to become part of 
a stable nucleus is to desorb. If an incident atom be- 
comes incorporated into a stable cluster it is considered 
to be condensed. The probability that an impinging 
atom will condense is called the condensation coeffi- 
cient. The second nucleation theory, the atomistic 
theory, supports the capillarity theory. The main dif- 
ference between the two theories is that the capillarity 
theory treats a continuously varying cluster size in 
terms of a continuously varying free energy while the 
atomistic theory considers the change in the number 
of atoms in a cluster in terms of discontinuous changes 
in the binding energy of the adatoms comprising the 
cluster. Both theories define the nucleation rate, I ,  as 
being proportional to the product of the concentrations 
of critical and nuclei and the rate at  which adatoms join 
these critical nuclei by diffusion. It is important to note 
an adatom within an area -rX2 of a critical nucleus 
will diffuse to that nucleus. Since rX2 is much larger 
than the physical area of the critical nucleus, there is 
a much greater probability for the nucleus to capture 
atoms by diffusion than by direct impingement. 

The size of a critical nucleus of Ag, for example, can 
be roughly estimated by using the capillarity theory 
with bulk parameters and a typical deposition rate of 
0.1 nm/s at  300 K, yielding r* = 2.2 A.5 This suggests 
that critical nuclei are of atomic dimensions. 

b. Experimental Observations. Support for crit- 
ical nuclei of atomic dimensions is found in the work 
of Hamilton involving the nucleation of zinc.79 Zinc 
does not self-nucleate on the substrates used. However, 
when very small amounts of Au, Pd, or Ag were de- 
posited on amorphous carbon or SiOz substrates fol- 
lowed by zinc deposition, islands were observed due to 
nucleation of the zinc on the predeposited nucleation 

centers. The nucleation centers (clusters of Au, Pd, or 
Ag) could not be observed with high resolution electron 
microscopy. The nucleation of zinc on these clusters 
resulted in an enlargement of these centers to within 
resolution of the electron microscope. This technique 
was suggested as a versatile method of obtaining in- 
formation on the initial stages of film growth. On the 
basis of the amount of Au, Pd, or Ag deposited and the 
number of islands of Zn observed, it was determined 
that even a single atom can act as a nucleation center 
for the zinc vapor. It is interesting to note the impor- 
tance of critical nuclei to the photographic industry. 
Hamilton’s work with zinc nucleation was carried out 
to determine the size of so-called “latent-image centers” 
formed on photographic films. These centers are pho- 
tolytically produced silver clusters which catalyze the 
reduction Ag+ - Ago on the film. Photons of light 
strike the photographic plate, causing the reduction of 
silver ions to produce silver atoms which then form 
small clusters that catalyze the deposition of silver at- 
oms on these nuclei. The silver particles formed con- 
stitute the grain seen in photographs. The minimum 
silver cluster size found to catalyze the reduction was 
3-4 atoms. Behrndt used Cd as well as Zn in a similar 
study.80 

Unusual nuclei distributions on some substrates have 
led to the proposal of “ active sites” present on some 
surfaces which are responsible for preferred locations 
of nucleation centers. This proposal, which can be 
supported by simple capillarity theory predictions, has 
as its greatest support a phenomenon called 
“decoration” which has very useful applications. Sur- 
face features of substrates, such as rock salt, which are 
difficult to see by electron microscopy may be made 
visible after a light vapor deposition of gold. The gold 
preferentially nucleates along the edges of defects 
present in the surface, thus highlighting (decorating) 
these features, rendering them visible to the electron 
micro~cope.~ In light of this, it would seem evident that 
nuclei can form and reside at  special structural features 
of the substrate surface preferentially. However, in 
most studies the nuclei appear to be randomly oriented, 
indicating a homogeneous nucleation process. The role 
of defects in surfaces as possible places for preferred 
nucleation is not understood or well documented. The 
isolation of nuclei seems to be related more to the free 
energy barrier (Figure 1) of nuclei formation and lower 
mobility of these nuclei relative to adatoms than to 
special surface sites. The phenomenon of decoration 
has been suggested by Chopra to be the result of a 
shadowing effect by ledges on the surface creating virgin 
regions in the shadows. The random distribution of 
isolated nuclei suggests a reason for the discontinuities 
observed in thin films assuming that each “patch” or- 
iginated from a discrete nucleus. The question now 
arises as to how additional atoms are added to these 
nucleation centers. Two possibilities exist for the early 
growth of small metal clusters. The clusters may grow 
by direct impingement of atoms from the vapor phase 
or by diffusion of adatoms over the surface. The 
presence of “agglomerates” in thin metal films separated 
by interstices of various widths or “amorphous” patches 
observed in early film studies of Au, Sb, Bi, Zn, In, Cd, 
Cu, Au, and Mg was attributed to metal atoms on the 
substrate migrating to the nucleation centers.81,82 This 
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conclusion has been agreed upon and supported by 
many other workers since that time. The fact that 
three-dimensional clusters are formed supports a pre- 
dominant role of growth by surface diffusion mecha- 
nisms rather than direct capture of vapor atoms. In- 
deed, if each adatom were held stationary by the sup- 
port, then further deposition of atoms onto a surface 
covered by a random distribution of adatoms would 
lead to a continuous film a t  very low coverages. This 
is assuming a growth mechanism by direct capture of 
vapor atoms. Thus, the presence of “patches” or dis- 
continuities observed in electron micrographs of thin 
films provides strong support for the presence of iso- 
lated nucleation centers to which impinged adatoms 
migrate. Chopra observed that the island (”island” 
referring to observable three-dimensional clusters of 
perhaps 20 atoms) density increases in the early stages 
of film growth until a saturation is 0btained.j For a 
number of metals with comparable melting points de- 
posited on a variety of substrates such as ionic, 
amorphous, or single crystals at room temperature, once 
the saturation density is reached the islands are sepa- 
rated by 10-100 nm. Vapor atoms condensing between 
these islands move to the nearest island since this will 
reduce the free energy of the system. Further depos- 
ition beyond the point of saturation creates a decrease 
in the island density by coalescence of islands. The 
smoother the substrate, the more rapid the decrease in 
island density will be. These observations are in accord 
with the predictions of the nucleation theories discussed 
earlier. 

Modifications of the atomistic theory of nucleation 
have been made to treat the case of “extreme incom- 
plete condensation” which is characterized by a con- 
densation coefficient much less than unity.83 This 
situation is a result of a low desorption energy for 
adatoms or a short mean stay time such that short 
average migration distances result. In this extreme case 
island growth is predicted to be by direct impingement 
of vapor atoms with growth due to diffusion of adatoms 
negligible. Recently experimental evidence for this 
“extreme incomplete condensation” has been submit- 
ted.8* A linear increase in average particle size with 
coverage for the deposition of Ag, Cu, Au, or Pd on 
amorphous C or Si02 was observed as well as an ap- 
parent sticking coefficient of 0.1 or less. Furthermore, 
this linear relationship between particle size and cov- 
erage was independent of deposition rate. If island 
growth was caused predominantly by adatom diffusion, 
nucleation kinetics predict cluster size distributions to 
be shifted toward a greater density of larger clusters due 
to their larger effective “capture” areas.85 Impinging 
atoms, whose fates are determined by diffusion kinetics, 
near various sized clusters are more likely to be incor- 
porated into the larger clusters present. This change 
in size distribution yields a nonlinear increase in average 
particle size with coverage. However, if growth is by 
direct impingement a linear increase in average particle 
size with coverage is observed. 

The low condensation coefficient observed is in ac- 
cord with theory when growth is by direct impingement. 
However, when Auger spectroscopy and sputter sticking 
of the substrate surface were carried out it was found 
that metal atoms had diffused throughout the support. 
When this amount of metal was taken into account, the 
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condensation coefficient was found to be close to unity. 
Thus, surface migration of adatoms was impeded by 
diffusion into the substrate surface. This apparently 
has the same effect on particle growth as a low con- 
densation coefficient. Low condensation coefficients 
do not necessarily imply that growth will be by direct 
impingement; however, direct impingement growth 
predominance may be due to low condensation coeffi- 
cients. Baetzold also reported that a large fraction of 
the Ag, Cu, Au, or Ni evaporated onto predeposited 
carbon films diffused into the carbon substrate.86 

The mobility of adatoms across the surfaces of sub- 
strates is very important in determining the shapes of 
the nuclei formed, the density of nuclei, the mean 
thickness a t  which coherent films are obtained, and 
mean crystallite size of the resulting film.87 The mo- 
bility of atoms within crystallites also plays a very im- 
portant role in determining the ultimate film structure 
and geometries of particles in early stages of growth. 
The temperature and nature of the substrate have a 
pronounced effect on these migration abilities. Low 
substrate temperatures are generally used for prepa- 
ration of thin metal films for use in adsorption exper- 
iments. The reason for this is that a t  lower substrate 
temperatures smaller migration distances of adatoms 
results in a higher saturation nuclei density. This 
higher saturation density results in a coherent film with 
low electrical resistance being formed. This is a later 
stage of growth than that under consideration at  the 
moment and will be subsequently discussed. 

In the early stages of nucleation and cluster growth, 
as mentioned, adatoms migrate rapidly and cluster 
nucleation and growth are diffusion controlled. The 
interaction of the adatoms with nonmetallic substrates 
is probably of a van der Waals type. The binding en- 
ergy of metal atoms attached to a cluster is much higher 
than that of atoms attached to the substrate. There- 
fore, surface diffusion of atoms on a metal cluster is 
expected to be much less than diffusion of atoms on the 
substrate surface. This results in a temperature de- 
pendence on the geometries of the small metal particles 
on the support. A t  low temperatures where metal atom 
migration on a metal particle is low compared to mi- 
gration of adatoms to a growing particle, the particles 
mainly grow sideways. This results in “flattened out” 
particles and more of a two-dimensional type of growth. 
If the deposition rate is high enough so that these 
flattened particles which are growing sideways do not 
have time to “round” out, their coalescences (discussed 
later) will occur a t  thin film thicknesses. Individual 
atom migration on nonmetallic substrates is hard to 
study so little experimental data on ease of migration 
have been obtained.87 The relative rates of atom mi- 
grations on the support and on particle surfaces are only 
important in determining the later stages of film 
growth. Although isolated cluster shapes may be in- 
fluenced by these parameters during their growth, it is 
difficult to directly observe these geometries since a 
dynamic process is involved. Anderson obtained an 
electron micrograph of an ultrathin film of palladium 
deposited on air-cleaved mica at  545 K in UHV. The 
average diameter of the crystallites was 20 A, with av- 
erage heights of 14 A.3 Although this flattening may 
be real, errors in measurements create uncertainty. It 
is important to note the effect of impurities on the mica 
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Figure 2. TLK model of “curvature” of a closed packed surface 
(simplified representation). 

substrate on the distribution of. the particles on the 
surface. A nonuniform distribution of particles on the 
air-cleaved mica was observed while a random distri- 
bution resulted from deposition on vacuum-cleaved 
mica. The role of contaminants as culprits for preferred 
nucleation sites is well documented, yet not understood. 
Examples may be found in Geus’s reviewss7 

2. Coalescence and Later Stages of Film Growth 

In this section the fate of the discrete isolated clusters 
formed in the earlier stages of nucleation and growth 
will be discussed. These stages are marked by coales- 
cence of crystallites and then filling in gaps to produce 
a continuous film. The changes in structure of the 
isolated crystallites before coalescence and in the 
presence or absence of impinging vapor atoms or mi- 
grating adatoms over the substrate will be discussed 
first. 

A model showing changes in geometries of isolated 
crystallites and the process of coalescence will be de- 
scribed as given by G e u ~ . ~ ~  It is to be expected that 
crystallites formed during film deposition deviate from 
ideal crystallographic shapes (discussed later). Instead 
there should be roughened edges and imperfections 
resulting in the curved surfaces seen in electron mi- 
croscope photographs (cf. ref 3). If the particles are 
formed by close packing which is most likely for tran- 
sition-metal atoms, curvature can result by the presence 
of terraces, ledges, and kinks (cf. Figure 2). This is 
referred to as the terrace-ledge-kink model (TLK) of 
a curved surface. Surface atoms in areas of high cur- 
vature (frequent ledges with many kinks) have a higher 
chemical potential than atoms in flatter areas. 
Therefore, there is a driving force for migration of 
surface atoms from areas of high curvature to flat areas 
or areas of negative curvature (valleys). Migration such 
as this results in a lowering of the energy of the surface, 
producing a smoother surface. Migrating atoms used 
to smooth out a surface can either come from in the 
surface or on the surface. If a crystallite with rough 
edges has just been formed and deposition of metal 
atoms on the substrate has ceased, migrating atoms 
must come from in the surface. If deposition is in 
progress, migrating adatoms present on the particle 
surface are present. In this case migrating atoms may 
come from in the surface or on the surface. In the 
former case (deposition ceased) transport of atoms over 
the surface to change the profile of the surface occurs 
by (1) formation of kinks in ledges and (2) mobility of 
dissociated kink atoms. These dissociated atoms are 
considered as mobile adatoms. Fewer intermetallic 
bonds need to be broken for migration of an adatom 
over a plane surface than for removal of an atom from 
a ledge to generate an adatom. Therefore, the activa- 
tion energy determining migration of metal atoms from 
sites in the surface corresponds to the energy needed 
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Figure 3. Removal of grain boundary between two coalescing 
particles (cross section). 

to take an atom out of a ledge and put it on a flat 
surface. This activation energy is much larger than that 
for migration of an adatom over the flat surface. 

From energetic considerations it turns out that at 
very low temperatures, only atoms in regions where the 
surface is very strongly curved can desorb from a ledge 
to a terrace. These dissociated atoms are captured in 
the steps of these strongly curved parts of the surface. 
This filling in of the steps creates a partially faceted 
surface. This process continues until an equilibrium 
shape is reached which still contains areas of rather high 
curvature. 

Due to the energetic barrier mentioned earlier, the 
concentration of adatoms on flat terraces near areas of 
high curvature is low for the equilibrated particle. If 
deposition is carried out during this particle structural 
change a somewhat different means of smoothing oc- 
curs. When new atoms are added directly or by surface 
migration to the particle, mobile adatoms on the par- 
ticle surface are present. The high mobility of these 
adatoms on flat surfaces has already been explained. 
The addition of new atoms creates a high concentration 
of adatoms on the flat terraces near areas of high cur- 
vature. The high mobility of these adatoms results in 
their migration to and filling in the areas of high cur- 
vature (steps) to reduce the energy of the particle 
surface. The migration may be rapid enough so that 
they reach the step areas before colliding with each 
other which would result in two-dimensional nucleation. 
This filling-in process continues until the concentrations 
of adatoms on the edges approaches the concentration 
of adatoms on the flat planes. Due to the lower con- 
centration gradient at this point, migration of atoms to 
the areas of steeper curvature is slower and two-di- 
mensional nucleation starts to occur on the flat surfaces. 

An interpretation of coalescence of crystallites during 
deposition will now be described. When two crystallites 
come into contact (by lateral growth), a very steep 
negative curvature (“valley”) between the two is gen- 
erated. This results in a lower concentration of adatoms 
in the flat planes in this “valley”. Due to the concen- 
tration gradient, atoms from less steep regions of the 
crystallites are transported to and fill in the region 
between the particles. The “seam” or grain boundary 
caused by this filling in results in a groove at the surface 
which impedes surface migration of atoms from one 
particle to the other (cf. Figure 3). This grain boundary 
is filled in slowly by vapor metal atoms for large particle 
coalescence but rapidly migrates through one of the 
particles if they are small (Figure 3b,c). The grain 
boundary can only migrate through a particle if the 
surface is smooth (Figure 3b) since only in this case is 
there a continuous decrease in surface area of the grain 
boundary with migration. 
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I n c r e a s i  ? g  D e p o s i t i o n  Coalescence 
T i m e  I :  S t a g e  

Figure 4. Film growth leading to the coalescence I1 stage. 

The effect of impurities on coalescence can be pro- 
nounced. Tin films laid down in UHV on Pyrex covered 
with evaporated Si0 consisted of very large crystallites, 
meaning that much coalescence occurred during de- 
position. The same result was obtained when the de- 
position was carried out in torr of N2, CO, H2, Ar, 
methane, propane, and pentane. However, films de- 
posited in torr of oxygen contained poorly crys- 
tallized grains, showing that oxygen hindered the coa- 
lescence. 

The coalescence stage of film growth commences once 
the deposition is carried out beyond the point of satu- 
ration of nuclei density (providing the temperature is 
high enough). The first observable change is a decrease 
in the island density due to mutual coalescence of 
neighboring islands by lateral growth. These larger 
islands continue to grow, a t  first, in a predominantly 
lateral direction due to diffusion of adatoms across the 
substrate surface. When the islands have reached a size 
such that the capture area of atoms directly from the 
vapor phase is large compared to the areas of naked 
substrate, growth normal to the surface accelerates. 
The islands thus grow outward from the substrate by 
direct capture of metal atoms and sideways by accu- 
mulation of atoms adsorbed on the substrate. This 
growth is commonly referred to as the coalescence I 
stage and involves considerable mass transfer by dif- 
fusion of adatoms between the islands. As the atoms 
touch, further coalescence occurs depending upon the 
substrate temperature. At  sufficiently high tempera- 
tures this coalescence leads to the formation of an in- 
terconnected network surrounding vacant channels 
(Figure 4). This is referred to as the coalescence I1 
stage. These stages of film growth are rapid when atom 
mobility and (at elevated temperatures) small island 
mobility are high. Upon formation of the network in 
the coalescence I1 stage the process is slowed down. 
The final stage to produce a continuous film (no naked 
areas of substrate surface) is the slow process of filling 
in vacant channels and requires a considerable amount 
of deposit for deposition on room temperature sub- 
strates. During this filling-in process secondary nu- 
cleation and slow growth of these nuclei occur wherever 
large areas of the substrate are exposed due to coales- 
cence. This can be seen in transmission electron mi- 
crographs of a 100 A thick Au film on NaCl at 300 0C.5 

The kinetics of each stage may vary drastically de- 
pending mainly upon substrate temperature, smooth- 
ness of the surface, deposition rate, and the metal used. 
The stages of film growth reached for a given deposition 
and substrate at  a certain temperature depend largely 
upon the very general features of agglomeration (coa- 
lescence) and mobility of species in the film. The dy- 
namics of the coalescence process is not very well un- 
derstood; however, general morphological changes in 
film structure at various substrate temperatures have 

led to some understanding of this growth process. 
Chopra points out that once the coalescence I1 stage is 
initiated it proceeds very rapidly and requires little 
additional deposit to complete. This stage is recognized 
by a change from an electrically discontinuous structure 
to a continuous network. For example, Ag films on glass 
at  100 "C decrease in electrical resistance by many 
orders of magnitude with an addition of only about 10 
A of deposit beyond the critical thickness ( - 100 A). 
This critical thickness is the maximum thickness of the 
film in which electrical discontinuity is observed (i.e., 
very high resistance). If deposition is ceased as soon 
as the coalescence I1 stage is initiated, the resistance 
decreases much more slowly than if deposition was not 
interrupted. This shows that even in the absence of 
deposition after this stage commences, coalescence 
continues. In the presence of deposition the stage is 
complete in a fraction of a second. In the absence of 
deposition the process is slower, yet still rather rapid. 
It has been observed to last several seconds for noble- 
metal films even at  77 K.5 

By comparison of various metals deposited on a given 
substrate a t  different substrate temperatures correla- 
tions have been made between these parameters and 
the resultant film growth process. These correlations 
are brought about by using a temperature ratio 7 which 
is the ratio of the temperature of the substrate (2') to 
the melting point of the metal (TM). The dependence 
of film structure T as discussed by Sanders will now be 
summarized.16 

Five ranges of 7 are considered which have approxi- 
mate upper limits given by 7#d, T,, T,, and T ~ ,  respec- 
tively. Tsd (-0.1) is the temperature ratio at  which 
surface diffusion of atoms just becomes noticeable. T, 
(-0.3) is the value of T at which recrystallization 
commences. 7, is the melting point of the bulk metal 
so it is equal to unity. T~ is the value above which atoms 
reevaporate at  such a high rate that renucleation does 
not occur. 

The first range considered is when T 5 7sd.. The 
growth process under these conditions is described as 
follows: Impinging metal vapor atoms cool rapidly as 
they strike the surface so there is a high accommodation 
coefficient. Due to the low temperature, the mean 
migration distance of adatoms (X) is small, resulting 
in very closely spaced nuclei. The nuclei grow laterally 
by capture of adatoms and also vertically by direct 
capture of vapor atoms. Thus, a high saturation nuclei 
density is reached at  an early stage of deposition. The 
small crystallites formed are randomly oriented. For 
the reasons discussed earlier, surface self-diffusion is 
not significant. This results in gaps formed between 
touching or overlapping crystallites which are not filled 
in. Therefore, the structure of thin films prepared 
under these conditions consist of randomly oriented 
grains propagating outwards in the form of small col- 
umns as the thickness increases. Due to lack of surface 
self-diffusion and random orientation of the crystals the 
gaps between the columns are large enough to be ac- 
cessible to gases. The effective surface area of these 
films is larger than the geometric surface area and in- 
creases linearly with increasing film thickness. As ex- 
pected, the columns formed have very atomically rough 
surface features. The gaps present cause a high elec- 
trical resistance of the film. These gaps have been 
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observed by electron microscopy for W films deposited 
on glass a t  273 K.88 

The second range considered is Tsd < 7 < 7,. In this 
range surface self-diffusion is an important process 
resulting in filling in the gaps between touching crystals. 
This occurs because it lowers the surface energy as 
predicted in the previous theoretical discussion. The 
size of the crystals obtained is determined by the initial 
separation of the nuclei. At a higher temperature a 
lower saturation density results so crystals formed un- 
der the conditions in this range are larger than in range 
l.87 Due to the filling in of the gap between crystals, 
normal grain boundaries are formed which are inac- 
cessible to gases. Therefore, the effective surface area 
is close to the geometric surface area. 

The third range is T, < T < 7,. Under these condi- 
tions the surface self-diffusion is more rapid and grain 
boundaries are mobile. Recrystallization occurs which 
results in a growth of grain size with thickness. The 
process of coalescence discussed previously occurs in 
this range by (1) particles touching, (2) formation of 
grain boundaries, and (3) migration of the grain 
boundary out of the resultant particle. Repetition of 
this process is recrystallization. Electron micrographs 
of these stages are given in Sander’s review. It should 
be noted that due to recrystallization columns are not 
formed and the saturation density of nuclei does not 
determine the grain size. As a result continuous films 
are obtained at a relatively low thickness. 

The fourth range is T, < T < T ~ .  In this range the film 
deposits as a liquid on the substrate. It is interesting 
to note that small clusters of a metal may be liquid on 
the substrate even when the temperature is below the 
melting point of the bulk. This is due to the melting 
point depression in small particles. Thus Sn clusters 
of 60-A diameter melt 60 “C below that of the bulk. 

The fifth and final range is 7 < 7,. In this case the 
saturation density increases with increasing tempera- 
ture due to rapid desorption of atoms having short 
mean stay times. 

The above discussion which is based on experimental 
observations is in marked agreement with the theo- 
retical discussions presented earlier. 

In a few cases found in the literature amorphous 
forms of various metals have been obtained. Chopra 
reviews some of the conditions which may lead to 
amorphous  structure^.^ 

(a) Impurity Stabilization. Fine-grained and in 
some cases amorphous deposits are obtained when de- 
position is carried out in the presence of certain gaseous 
impurities. As mentioned earlier oxygen impurity can 
effectively inhibit grain growth even a t  pressures of 
1O4-10+ torr. The “amorphous” patches of Au reported 
by Levinstein were present only when slow deposition 
was carried out.81 Poor vacuum ( torr) was un- 
doubtedly responsible for the amorphous structures. 

(b) Vapor Quenching (VQ). Amorphous structures 
may be obtained by condensation onto very cold sub- 
strates so as to reduce thermal diffusion of adatoms. 
This technique is specially applicable to nonmetallic 
atoms or molecules which have tendencies toward co- 
valent bond formation. Due to the relatively small 
coordination number of these species, large displace- 
ments of individual atoms are necessary for a change 
from a random to ordered arrangement. In contrast, 
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pure metals which crystallize in close-packed structures 
require very little displacement from a random to an 
ordered arrangement. Thus, pure metal deposits are 
usually crystalline when deposited at temperatures as 
low as liquid helium, although crystallite size is reduced. 

( c )  Codeposit Quenching. The most effective me- 
thod of inhibiting mobility is the codeposition of two 
incompatable systems onto a cold substrate. This 
method has been used to obtain amorphous systems by 
codeposition of a metal and a nonmetal (e.g., Ag + 16% 
SiO). 

The observable difference used to distinguish a 
fine-grained structure (<20 A) and an amorphous 
structure is recrystallization. A fine-grained structure 
upon heating will yield a continuous recrystallization 
and, therefore, crystallite growth. An amorphous 
structure is characterized by a sharp transition from the 
amorphous to a crystalline structure at a definite tem- 
perature. 

B. Low Temperature Clustering of Metal Atoms 
in Inert Gas and Alkane Matrices 

The study of aggregation of metal atoms at low tem- 
peratures by matrix isolation techniques is a very new 
area involving only a few workers. Reactions of small 
metal aggregates (two or three atoms) with various 
ligands have recently been reported, and the use of the 
method for comparisons with heterogeneous catalysts 
has been suggested.8s94 

Ozin and co-workers have studied diffusion of vana- 
dium atoms in argon and alkane matrices by monitoring 
changes in atomic optical spectra during warmup and 
concentration ~tudies.8~ Decrease in optical absorptions 
were taken to indicate the formation of “large” (>3 
atoms) clusters via bulk diffusion through the matrix. 
Bulk diffusion generally occurred at temperatures of 
about one-third of the melting point of the matrix 
material. For example, diffusion of vanadium atoms 
through a normal pentane matrix became significant 
at about 50 K (mp = 143.5 K). Concentration studies 
were interpreted as diffusion of vanadium atoms on the 
matrix surface during deposition at 10-12 K. Higher 
concentrations (V/alkane - 1/103) resulted in the 
formation of dimers while lower concentrations (1/104) 
favored monomer isolation. The influence of different 
alkanes on surface diffusion was observed but not ad- 
equately interpreted. Longer n-alkanes inhibited sur- 
face diffusions better than shorter alkanes. In argon 
surface diffusion was much greater. Perhaps morpho- 
logical (trapping sites) and accommodation coefficient 
differences are responsible for these observations. 

As might be expected, temperature is critical when 
M atoms are dispersed in alkanes. While Ozin and 
co-workers find that V atoms easily clustered in alkane 
matrices upon approaching 50 K, reaction with the 
alkane did not take place. However, Davis, Severson, 
and K l a b ~ n d e l ~ , ~ ~  have shown that Fe, Co, and Ni at- 
oms do react with alkanes, but at temperatures >77 K, 
most efficiently near 140 K. Clustering took place 
readily in the 77-140 K range, however. Thus, available 
evidence indicates that M atom clustering is facile in 
the 50-140 K range whereas reaction with the alkane 
is facile in the >140 K range (some overlap of these 
ranges is evident, but further work is needed in order 
to define them more precisely). Many other metals and 
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alkanes need study, however. 
Studies of aggregation in noble gas matrices of a va- 

riety of first row transition metal atoms (V, Cr, Mn, Co, 
Ni, Cu) have shown that mobility, and hence dimeri- 
zation, is reduced with more polarizable matrices. 
Under identical conditions use of Ne matrices yielded 
more dimerization than Xe matrices.g1 Using the 
clustering of nickel atoms as an example, Moskovits 
compared theoretical models with experimental results 
to interpret the clustering kinetics.92 Best fit with ex- 
perimental results was obtained by use of a model which 
assumes a short-lived surface condition in which imp- 
inged matrix atoms and metal atoms are mobile. The 
reactions occurring (e.g., aggregation) are suddenly 
stopped (quenched) after a certain amount of time 7q. 
The concentration of dimer was adequately accounted 
for when dependence on two inseparable quantities 7q 
and KM was assumed, where KM is a rate constant for 
Mn -- Mn+1* 

A study of silver atom aggregation in noble gas ma- 
trices was reported.93 In this study it was found that 
a quantitative yield of isolated silver atoms could be 
obtained only if the noble gas deposition rate was above 
a critical value and the substrate temperature was below 
a critical value (e.g., Xe 21 K, Kr 15 K, Ar 11 K). The 
yield of isolated atoms decreased rapidly with a slight 
increase in temperature and was zero a t  temperatures 
corresponding to roughly one-third the triple point of 
the matrix material (e.g., Xe 38 K, Kr 30 K, Ar 22 K). 
Absorption spectra of matrices in which Ag isolation 
was not quantitative were used to assign bands for 
Ag,-Ag, aggregates. Spectral features led to the con- 
clusion that two processes were in operation. The first 
is isolation of atoms and formation of aggregates. The 
second is immediate formation of larger aggregates. No 
explanations were submitted. 

C. Particle Formation in Dispersed Metal 
Catalysts Prepared by Reduction of Metal 
Compounds In Nonzero Oxidation States 

In the previous section on particle formation in metal 
films the metal remained in a zerovalent oxidation state 
for very clean systems. The effect of impurities such 
as oxygen on the distribution, coalescence, and grain 
size of metal particles in thin f i i s  was mentioned. Due 
to the cleanliness that can be achieved in film depos- 
ition processes under UHV conditions, much has been 
learned about the interactions of metal atoms in the 
formation and growth of small particles as discussed. 
Furthermore, chemisorption studies which are very im- 
purity sensitive can be carried out with excellent re- 
producibility by using films of the most catalytically 
important metals such as iron, cobalt, and nickel (es- 
pecially epitaxial films). However, all other forms of 
dispersed metals are prepared from compounds of the 
metal and must be subsequently cleaned. This neces- 
sitates the use of elevated temperatures above the 
temperatures of preparation. As a result structural 
changes such as coalescence or sintering of particles 
occur. Even with the use of elevated temperatures the 
cleaning is extremely difficult, if not impossible. The 
most difficult to clean and hence characterize form of 
dispersed metals is pure metal powders due to their 
sensitivity toward sintering.13 This sensitivity is a result 
of the particles readily coming into direct contact with 

each other. If structural promotors are included to 
reduce sintering of metal particles, an even more com- 
plex and difficult to characterize system is formed. 
Supported metal catalysts can be more vigorously 
cleaned without great morphological changes. In the 
case of supported catalysts nucleation and growth 
processes are difficult to study due to the complex na- 
ture of the support surface as well as the effect of im- 
purities. Substrates used in film studies are generally 
well characterized. 

Metal particles formed in the early stages of film 
growth that can be studied by depositing ultrathin films 
can be considered as ideal forms of particles present in 
most other types of dispersed catalysts. As will be 
subsequently shown, comparison of particles produced 
in these vastly different systems can reveal important 
similarities as well as differences in structure. 

The nucleation and growth of metal particles in metal 
powder preparation will be discussed followed by a brief 
description of supported metal preparation. Nickel 
dispersion will be treated predominantly. 

The detailed process of nucleation and particle for- 
mation will vary depending upon the preparation me- 
thod used. As discussed in the section on forms of 
dispersed metals, particles of nickel are most commonly 
prepared by formation and subsequent reduction of 
metal oxides. The preparation of nickel powders, for 
example, usually involves precipitation of a nickel hy- 
droxide, carbonate, or basic carbonate from soluble 
nickel salts. Thermal decomposition of these leads to 
precipitation of NiO which crystallizes in the rock salt 
structure. Upon reduction with hydrogen, the O-,,) ions 
at the oxide surface react with hydrogen molecules and 
are converted to OH-,,), with electrons being trapped 
at  sites in or near the surface. At sufficiently high 
temperatures OH-,,, groups are desorbed in the form 
of water. The electrons released by these reactions are 
eventually taken up by the Ni2+ ions, forming NiO, 
which form clusters which nucleate a metallic phase. 
This is a relatively slow process at lower temperatures. 
The key to this reduction seems to lie in the structure 
of the nickel oxide precipitate. The initial stage of the 
reduction is greatly affected by the defect structure of 
the nickel oxide since this dictates the nature of the Hz 
chemisorption process. Precipitated nickel compounds 
are usually imperfectly crystalline, with stacking dis- 
orders in the layered lattices. Rapid precipitation 
should lead to structures containing a higher concen- 
tration of lattice defects. A higher concentration of 
defects should lead to more rapid initial nucleation. In 
practice it is found that the lower the temperature at  
which prkcipitation and reduction are carried out the 
better is the dispersion of the resultant nickel particles. 
Once nucleation has started, the effect of the hydrogen 
atmosphere is pronounced. Hydrogen can dissociatively 
chemisorb on the nickel clusters that are formed. These 
hydrogen atoms are mobile, so they can migrate to the 
nickel particle/nickel oxide interface and be used in 
reduction of the oxide. This process causes a much 
more rapid reduction since hydrogen atoms react with 
the oxide more readily than does molecular hydr~gen .~  

The above nucleation and growth process for a typical 
metal powder preparation raises the question: what 
determines the final crystallite size obtained at the 
preparation temperature? In order to suggest, an an- 
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swer to this fundamental question, comparisons with 
other types of systems will be made. In the discussions 
of nucleation and film growth, crystallite size was de- 
termined by the saturation density of nuclei. The 
saturation density by the saturation density of nuclei. 
The saturation density was found to increase with de- 
creasing substrate temperature due to shorter adatom 
migration distances. In the case of nucleation in metal 
oxide reduction an opposite trend is found. Higher 
temperatures will favor more rapid initial reduction of 
the metal oxide and higher density of nuclei. However, 
a higher temperature also favors coalescence or sintering 
of particles which results in larger particles. Therefore, 
a compromise must be made so that a temperature is 
used a t  which the nuclei concentration is a maximum 
without appreciable coalescence. Problems affecting 
this balance are the presence of nucleation sites, which 
may be defect structures in the metal oxide particle 
surface, and generation or presence of water vapor. 
Water vapor retards the initial reduction process while 
defects accelerate the process. Maximum dispersion 
should be obtained by (1) using starting materials which 
will maximize the defect concentration in precipitated 
metal oxides, (2) drying the metal oxide thoroughly at 
low temperatures, and (3) using a high flow rate of 
hydrogen in the reduction process while keeping the 
temperature low. The high flow of hydrogen serves two 
purposes: (1) it lowers the partial pressure of water 
vapor, and (2) it increases the rate of reduction at lower 
 temperature^.^ 

The process of particle growth described does not 
need to be treated in further detail. The mechanisms 
of coalescence of metal particles described for films can 
be applied, and mechanisms of sintering will be dis- 
cussed shortly. 

With all other factors taken to be equal, the depen- 
dency of the type of metal on the dispersion resulting 
from metal oxide reduction depends upon the thermo- 
dynamics of the process. The nucleation rate deter- 
mining step is assumed to be the initial reduction by 
molecular hydrogen as 

The more thermodynamically favorable this process is 
to form M,,,, the more rapid is the initial reduction and 
hence nucleation. Equilibrium data show the following 
trend for the ease of reduction at 673 K:3 AgzO > PdO 
> IrOz - Rho  > RuO2 >> Reoz > NiO > COO > FeO. 

Another factor arises which may play an important 
role in determining the final particle size. Observations 
by a number of workers show that the presence of 
chemisorbed hydrogen can inhibit sintering of nickel 
films.14717795 However, McKee observed a very significant 
decrease in surface area upon reducing an oxidized 
sample of Pt-black with hydrogen at the same tem- 
perature a t  which the oxidized sample area was mea- 
suredag6 It was pointed out that for the reaction 

42 kcal/mol is evolved. If this heat is not dissipated 
rapidly it would be capable of producing high local 
temperatures at the points of contact of the metal 
particles even when the powder is cooled to tempera- 
tures as low as 0 "C. From these observations it seems 
likely that the presence of chemisorbed hydrogen can 
inhibit the coalescence of metal particles formed by 

MO,(s) + XHZ(g) + M(s) + XHZO(g) 

Pto(s) + H2(g) - Pt + HZo(sds) 
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metal oxide reduction providing that the metal oxide 
dissipates the heat of reduction. 

Nucleation and particle growth during the prepara- 
tion of supported catalysts are even more complex than 
that described for powders. There may be many dif- 
ferent nucleation processes occurring which may vary 
markedly under different preparation conditions and 
materials. The chief culprit for the differences in this 
process as compared with powder preparation is the 
presence or formation of a porous support on which 
metal particle precursors can be trapped or react. 
Reactions between the metal compounds (salts or com- 
plexes) and the support surface can occur, such as ion 
exchange. The support can occlude the precursor (e.g., 
Ni(N0,)J compound which is then oxidized to the 
metal oxide and subsequently reduced or it can adsorb 
the metal oxide and subsequently reduced or it can 
adsorb the metal cations and undergo exchange with 
cations in the support (e.g., H30+). Also, ligand ex- 
change usually occurs at elevated temperatures such 
that HzO ligands are exchanged for anionic groups at- 
tached to the support surface. When this occurs, the 
metal cation may or may not have the same coordina- 
tion symmetry. An example of the variety of species 
that can be present even after extensive reduction is 
given by Coenen and After extended hydro- 
gen reduction at 770 K, nickel-silica catalysts prepared 
by various methods of precipitation and coprecipitation 
had the following variable compositions: metallic nickel 
25-81 mol %, nickel oxide 3-29 mol %, and nickel 
silicate 8-66 mol %. 

V. Physlcal Properties of Small Metal Partlcles 

Only recently have studies aided in advancing un- 
derstanding and determination of properties of small 
metal particles by theoretical methods. Several groups 
have been interested in very small particles, for exam- 
ple, those involved in nucleation theory, photographic 
processes, and catalysis. The interest by the latter 
group was indicatetl early in the literature, especially 
by Russian scientists who were the first to actively 
pursue the relationship between particle size and cat- 
alytic activity.98 Boreskov was the first to complete a 
systematic investigation of this r e l a t ion~h ip .~~  

It has been realized for the past 50 years that elec- 
tronic and structural properties of metal surfaces are 
much different than those of the bulk metal, which is 
adequately characterized by the band theory, valence 
bond theory, and X-ray studies.l" The importance of 
lattice spacings, arrangements of atoms, and electronic 
features of small metal particles in catalysis are difficult 
to determine. In 1967 Thomas and Thomas pointed out 
that "recent" advancements in technology had yielded 
extremely powerful tools for the study of structure and 
reactions on catalyst surfaces.loO Furthermore they 
predicted that in the future heterogeneous catalysis 
would be brought closer to homogeneous catalysis in 
understanding. The merging of the two areas is being 
vigorously pursued today as recent reviews indi- 

From a structural standpoint there have been four 
general approaches toward characterizing very small 
metal particles present in dispersed catalysts. The first 
is the oldest and most general and involves making 
structural implications from catalytic activity observa- 

cate. 101,102 
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tions. The oldest example of this approach can be 
found in a report by Kobozev in 1938.1°3 Kobozev 
studied reactions such as benzene and ethylene hy- 
drogenation which showed structure sensitivity on ex- 
tremely highly dispersed iron on carbon catalysts. As 
a result of many studies he envisioned a catalyst as a 
solid consisting of a well-defined crystalline phase and 
a so-called amorphous phase. In the amorphous phase 
there exists an “ensemble” of metal atoms which is re- 
sponsible for catalytic activity. The crystalline phase 
was assumed to act only as a kind of catalyst support. 

The second approach to the structural determination 
of very small metallic particles is direct observation 
using electron microscopy or other sensitive tools and 
comparison of the results with theoretical calculations. 
This has been done to a certain extent, but only with 
difficulty. As will be seen shortly, many contradictory 
results have emerged, especially for supported catalysts 
which are very dependent on preparation conditions. 
Despite these variables significant reproducibility is 
beginning to emerge. 

A third approach is the correlation of reactions on 
very well defined metal surfaces (e.g., single crystals) 
which are structure sensitive and which can be studied 
in enough detail to provide a reasonable mechanistic 
understanding, assuming the results are applicable to 
dispersed metal catalysts and then study 
“homogeneous” catalytic reactions on these clusters. 
However, this has proven to be very difficult to do. 
Through the use of all of these approaches homoge- 
neous and heterogeneous catalysis will hopefully merge. 

A. Structure and Stability 

If the shape and size of small metal particles present 
in a dispersed catalyst affect its catalytic activity and 
selectivity it is important to know what possible geom- 
etries are stable and likely to exist. Many theoretical 
studies have been reported, and these will be dealt with 
first. 

Allpress and Sanders calculated tha t  upon building 
a cluster by adding atoms one at  a time such that each 
is placed in a site where there are the maximum number 
of nearest neighbors, no fccub structure is obtained up 
to 13 atoms.lo4 The geometries calculated are three 
atoms, triangle; four atoms, tetrahedron; seven atoms, 
pentagonal bipyramid; thirteen atoms, icosahedron. 
Since atoms of various fccub metals were used in the 
calculations, they assumed that departure from this 
structure upon decreasing the cluster size is due to the 
influence of surface atoms which have less than the 
maximum number (12) of nearest neighbors. The curve 
in a plot of percent surface atoms vs. total number of 
atoms in a tetrahedral cluster rises sharply for clusters 
<lo00 atoms. Also, the proportion of atoms in the 
surface decreases in the order tetrahedron > pentagonal 
bipyramid > octahedron > icosahedron. 

Total energy calculations were also made for clusters 
of various sizes and symmetries. Initial calculations 
were made which dealt only with ideal crystals with 
close-packed faces and complete shells of atoms. The 
reason for this was that a crystal with an incomplete 
shell would have atomic roughness on the surface and 
increase the energy per atom. A different program was 
then used which let the computer add atoms to sites 
of maximum binding energy. Plots of energy per atom 

vs. number of atoms showed curves of decreasing energy 
per atom as cluster size increased. Small cusps in the 
curve appeared at 13 and 55 atoms for the icosahedral 
clusters. These are the points where the shells are 
completed. There was not much decrease in total en- 
ergy due to shell completion. From these calculations 
it was found that for large clusters of about 2000 atoms 
(40-A edge length for an icosahedron) the order of 
stability was icosahedron > octahedron > tetrahedron 
> pentagonal bipyramid. For small clusters (< 100 
atoms) the icosahedron was again the most stable. 

Calculations of lattice dilations showed that the av- 
erage nearest-neighbor distance for an icosahedron is 
slightly larger than the bulk fccub distance. 

These calculations predict that a crystal less than 
40-A diameter should be most stable in the form of a 
multiply twinned icosahedron with close-packed faces. 

Hoare and Pal used optimization of potential energy 
surfaces to search for minimum energy configurations 
for 3-60 atom ~ 1 u s t e r s . l ~ ~  The improvement in these 
calculations over those of Allpress and Sanders was the 
use of potential energy surfaces instead of sums of 
pairwise potentials. It was determined by these calcu- 
lations that the lowest energies were for polytetrahedral 
packings (for 1-70 atoms). Of these packings the tet- 
rahedral, pentagonal (D5& and icosahedral symmetries 
were the most compact. These packings revealed a local 
symmetry around a growth center, and it was concluded 
that the symmetries of these growth centers could be 
preserved for two full shells of atoms but not for three 
or more. Larger (>147 atoms for icosahedron) clusters 
should have irregular arrangements and enhanced mo- 
bility of surface atoms. 

Quantum mechanical calculations of cohesive energy 
of particles up to 147 atoms using a tight binding model 
for the s, p, and d bands were made.“ Clusters of fccub 
and close-packed icosahedral structures were studied. 
The icosahedron is the most stable in this size range 
according to these calculations. This is attributed by 
these authors to the larger average atomic coordination 
number for the icosahedron. 

Friedel pointed out that due to symmetry consider- 
ations maintenance of a fivefold symmetry axis from 
adding tetrahedrons cannot be maintained for macro- 
scopic crystals.lo7 It is the large surface to volume ratio 
that leads to specific properties in smaller crystals. A 
13-atom icosahedron was analyzed, and it was shown 
that its stability arises because at the expense of slight 
elastic distortion the 12 surface atoms have 5 nearest 
neighbors each instead of 4 as in the nucleus of hcp or 
fccub phases. It was concluded that fccub or hcp nuclei 
would be unlikely to form for this small size. 

Due to evidence that catalytic activity of metals may 
depend in part on the nearest-neighbor distances of 
surface atoms, Burton and Briant calculated these 
distances for microclusters of 13-147 atoms.lo8 From 
these calculations Burton and Briant concluded that 
calculations of nearest-neighbor distances directly from 
interference functions, which is the standard practice, 
is incorrect if bulk symmetry is assumed. Nearest- 
neighbor distances of small clusters calculated in this 
manner are from 2% to 3% lower than bulk values. 
Icosahedral packing should be used for icosahedral 
clusters. Using radial distribution functions nearest- 
neighbor distances greater than bulk were obtained, and 
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these were considered "physically correct" results. 
However, it was pointed out that other experimental 
results such as Mossbauer studies support lower near- 
est-neighbor distances with decreasing particle size. It 
was concluded that it is not known if nearest-neighbor 
distances are or are not decreased from bulk values. 

Experimental studies of small metal particle structure 
usually lack the resolution necessary to observe dif- 
ferences between various geometries. In most cases only 
average particle sizes or size distributions are obtained, 
and these usually assume simple cubic or spherical 
geometries (e.g., see ref 3, 109-111). The technology 
is not present such that local surface disorders on an 
ordered core of a small metal particle can be detected. 
Detection of this detail is by inference or speculation 
only, and usually by extrapolation from macroscopic 
systems. However, some structural differences between 
small metal particles produced in different ways have 
been directly observed. These may be compared to 
large cluster compounds whose detailed structure can 
be determined by X-ray crystallographic methods. 

In0 reported studies of epitaxial growth of Ni, Cu, Ag, 
Au, and Al vacuum deposited on a cleaved NaCl face.l12 
Using dark and light field electron microscopy and 
electron diffraction, Ino observed no epitaxy in very 
early stages of the film growth of Au. The particles of 
random orientation had the appearance of "butterfly- 
like" images and were multiply twinned with nearly a 
fivefold symmetry as determined by electron diffrac- 
tion. Since these structures were present in the earliest 
stage of nucleation, before coalescence of nuclei became 
appreciable, it was concluded that the multiple twinning 
was not due to coalescence of nuclei. No other expla- 
nations were given. It should be added that further 
deposition leads to preferred orientations. Two orien- 
tations have been observed, depending on the metal. 
These are the [OOl] plane parallel to the [loo] NaCl 
plane and the [lll] plane parallel to the [loo] NaCl 
plane. The preference for [OOl] orientation was in the 
following order: Ni > Cu > Ag > Au > Al. In these 
early stages of growth of Au, [OOl] orientation was 
present as well as the randomly oriented multiply 
twinned structures. With greater deposition these 
forms disappeared and the [ l l l ]  orientation grew ex- 
clusively. 

Komoda confirmed Ino's results in a study of ul- 
trathin gold films on cleaved NaC1.113 When high res- 
olution microscopy was used, multiply twinned particles 
with external shapes of either decahedron or icosahe- 
dron were observed. No gaps or dislocations were ob- 
served. Slightly diverging lines in the lattice images 
were interpreted as suggesting that the particles were 
formed from a nucleus of several atoms forming the 
smallest unit of either a decahedron or icosahedron. 
Growth proceeds layer by layer of atoms on the nucleus 
in a most closely packed form. These structures are 
present for particles even less than 20 A in diameter. 
The particles no longer keep their initial structures 
when they grow beyond 150 A in size. 

Harris later observed a gap in icosahedral Au particles 
beyond -80 A in size.l14 This gap is proof that these 
icosahedrons are formed from multiply twinned parti- 
cles (cf. Figure 5). 

Particle shapes observed in GET deposits of Au 
"smoke" during the pioneering days of the technique 
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Figure 5. Multiple twinning of tetrahedra on [ill] faces. 

were spherical.l14 Poor resolution and possibly an un- 
clean system were undoubtedly responsible for these 
observations. In a more recent study, multiply twinned 
particles of Ag deposited in Ar on NaCl at  300 OC were 
~bserved."~ No misfit gap was observed so it was 
concluded that the five tetrahedra share the misfit angle 
evenly. The multiple twinning was attributed to 
properties of the metal and not interaction with the 
support. 

Recently Yokozeki and Stein studied microcrystals 
formed in the gas phase in a supersonic free jet mixture 
of the metal in argon by gas-phase electron diffrac- 
tion.l16 Since this GET study was carried out in the gas 
phase, no support interactions or crystallite formation 
by coalescence of initial microcrystallites was involved. 
Particles of Bi, Pb, and In of 40-95 A diameters were 
measured. Changes in crystal structure from that of 
bulk metal were observed for clusters in the 50-60 A 
diameter range (2000-4000 atoms per cluster). For 
example, In changes from tetragonal to fccub as the 
cluster size decreases. Lattice parameters of the mi- 
crocrystals were found to decrease as the cluster size 
decreased. A reason for the change was proposed. The 
high proportion of surface atoms in small clusters favors 
crystal defects in surface regions of high curvature. 
These defects such as vacancies may play an important 
role with regard to cluster stability in dictating a change 
from tetrahedral to fccub In. 

Avery and Sanders used the technique of light and 
dark field electron microscopy to search for multiply 
twinned particles in Ni, Au, Pt, and Pd dispersed on 
silica catalysts.'17 In the dark field image, multiply 
twinned icosahedral particles appear as two white spots, 
each spot having the shape of a rhombus. Au particles 
100-350 A in diameter were examined and only a few 
were multiply twinned; the remainder had fccub 
structures. Of the P t  particles of 10-80 A and Pd 
particles of 20-100 A studied, less than 2% were mul- 
tiply twinned, with most being of the cubic close packed 
structure. Nickel provided too poor a contrast for any 
conclusions to be made. 
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It should be noted that the rhombus shaped spots in 
the dark field images are due to reflections from in- 
ternal planes formed as a consequence of multiple 
twinning. The remainder of the icosahedron (hexagonal 
external shape) cannot be seen in the dark field. In the 
light field the rhombi are lighter than the remainder 
of the particle. When these light and dark field dif- 
ferences are seen, it means that the geometry arose from 
multiple twinning. Sanders and Allpress give an ex- 
cellent illustration of multiple twinning and particle 
growth leading to this phenomenon.l18 These authors 
also point out that these studies were carried out at 
elevated temperatures in the 370-770 K range. At low 
temperatures particles usually do not grow to well-de- 
fined shapes. As a consequence of this, there may be 
an increased proportion of multiply twinned crystals 
among the smallest particles. 

Recently an X-ray diffraction method for determining 
strain as well as particle size distribution was report- 
ed.Ilga Appreciable strain was observed in particles 
prepared by coprecipitation of NiO with alumina or 
silica followed by reduction. The strain was attributed 
to either internal pressure buildup in small particles to 
counter the surface tension or deformation of fccub 
structure in a manner similar to multiple twinning. The 
average particle size for the Ni particles was 21 A. Up 
to 25% error could be introduced in these particle size 
distribution measurements by assuming zero strain. 

A very unique direct study of a supported rhodium 
on silica catalyst was reported by Prestridge and 
Yates.Ilgb By use of a high resolution scanning electron 
microscope clusters of five Rh atoms on the support 
were resolved. Each atom can be seen and measured. 
The “spots” measured 2.7 f 0.2 A in diameter (compare 
with atomic diameter of Rh 2.74 A), and spacings be- 
tween the spots measured 3.5-4.0 .&, which is in good 
agreement with the lattice spacing given for the fccub 
structure of Rh of 3.8 A. 

Many transition-metal cluster compounds have been 
synthesized and structurally characterized. The sym- 
metries of many cluster compounds of various sizes have 
been similar to those predicted during the lowest energy 
growth process from 1 to 13 atoms.lZ0 Many unusual 
symmetries have been obtained in cluster compounds, 
mostly due to the nature of the stabilizing ligands and 
formal charge of the cluster unit. However, a general 
trend in the geometry of these clusters is toward that 
of a polytetrahedral icosahedron. The geometries found 
in cluster compounds are compared with theoretical 
stages of most stable growth in a review by Basset and 
Ugo.lo2 The problem in using cluster compounds as 
models for small particles in dispersed catalysts is 
chiefly synthetic in nature. The larger the cluster of 
metal atoms is the more difficult it is to stabilize in the 
form of a discrete cluster compound. It has not been 
possible to synthesize a cluster compound large enough 
such that it would be stable with or without ligands 
(e.g., reversible ligand exchange with a support surface). 
A t  the time of this writing synthesis of “large” cluster 
compounds is in the “spotlight” of inorganic chemistry. 
The leaders in the field have been Chini, who very re- 
cently reported the [Pt19(C0)22]4- synthesis,121 and 
Dahl,121 who determined the crystal structure. Syn- 
thesis of the dimer of the Pt19 cluster [Pt38(C0)44] has 
also been mentioned.lz2 The potential of this work in 
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Figure 6. Idealized symmetry DW of the pseudofivefold symmetry 
of [Ptlg(C0)12(lr2-CO)10j4- cluster (CO ligands omitted).lz1 

lending understanding to catalysis cannot be over em- 
phasized. The [Pt19(CO)z2]4- tetranion as shown in 
Figure 6 has a pseudofivefold symmetry, which, as 
Burton points out, seems to be the natural structure of 
small microcrystals of many materials that are macro- 
scopically fccub.120J21 

In the previous discussions it was pointed out that 
this fivefold symmetry has often been observed and 
theoretically predicted. The [Pt38(CO)u] cluster, how- 
ever, exhibits the cubic close packed structure found 
in bulk platinum! Catalysis researchers are anxious to 
receive reports on the chemistry of these excellent 
models of particles found in dispersed metal catalysts. 
Work such as this is bringing homogeneous and het- 
erogeneous catalysis much close together. 

Use of transition-metal cluster compounds for prep- 
aration of supported catalysts was reported by Waters 
and co-workers and by I c h i k a ~ a . ~ ~ ~ J ~ ~  Decomposition 
of cluster compounds on refractory supports was stud- 
ied by these researchers in hopes of obtaining very well 
characterized (size and geometry of the metal particles) 
supported metal catalysts for use in catalytic studies. 
In most cases it could not be proven whether the metal 
centers remained intact after ligand removal by pyro- 
lysis. Excellent metal dispersion on the supports was 
obtained in all reports. Ichikawa provided good evi- 
dence that a Ni, cluster on silica gel from decomposition 
of [ C P ~ N ~ ~ ( C O ) ~ ]  remained intact (Cp = cyclo- 
~ e n t a d i e n y l ) . ’ ~ ~ ~  Catalytic studies by Ichikawa will be 
discussed in a subsequent section. 

The importance of shortened nearest-neighbor dis- 
tances in small metal particles reported in the literature 
is difficult to assess. When fivefold symmetry exists, 
there is necessarily a deviation from cubic close-packed 
lattice parameters, and a decrease in average lattice 
parameters would be expected to close the “gap” in such 
structures built from twinning of, say, fccub units. If 
an icosahedron could be formed instead of a “spherical” 
fccub structure, the increase in the number of bonds 
would more than make up for the strain created by 
lattice shrinkage.’” The decrease in lattice parameters 
with particle size decrease is only about 3% for a de- 
crease in size from lo3 to 10 A as reported in the lit- 
erature.’02 This decrease in lattice parameters, if it 
exists, is difficult to prove since comparison with cluster 
compounds is invalid due to ligand and formal charge 
effects, and furthermore, theoretical studies are con- 
tradictory. 1023104~108 

B. Sintering 

Sintering will be defined as any increase in particle 
size in dispersed metal catalysts above the equilibrium 
size obtained during preparation. The causes of sin- 
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TABLE VIII. Thermal Treatment of Nickel Filmsss 
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film average film area, cmz 

mg conditions size, Aa beforeb after 
weight, treatment crystallite 

11.6 
14.2 

5.1 

9.3 

7.6 

11.4 

8.8 

none 460 1430 
500 K, 2 min, 460 1590 440 

670 K, 60 min, 2000-3000 400 

470 K, 5 min, 460 

470 K, 75 min, 1000-1500 1300 600 

670 K, 60 min, 2000-3000 

420 K, 120  min, 1120 635 

vacuum 

vacuum 

hydrogen 

hydrogen 

hydrogen 

hydrogen 

a After treatment. . b  Films deposited at 273 K. 

tering may be thermal, chemical, or mechanical in na- 
ture. Only thermal sintering will be considered. 
Chemical interactions will be treated as effects on 
thermal sintering. As Anderson points out, sintering 
of metal particles can be expected to occur at  any tem- 
perature above the preparation t empera t~ re .~  The 
purpose of this section is to highlight the important 
morphological changes which occur during the sintering 
process and discuss briefly mechanisms of the process 
in supported metal catalysts. Catalytic consequences 
resulting from sintering will be treated in a later section 
concerning the theory of active sites. The effects of 
chemisorbed molecules on the sintering process will be 
shown. 

The sintering of dispersed metals can occur by two 
different mechanisms: (1) migration and then coales- 
cence of particles; (2) dissociation of individual metal 
atoms from a particle followed by migration of the at- 
oms across a support or in the vapor phase to another 
pa r t i~ l e .~  As discussed previously, an increase in tem- 
perature leads to higher mobility of surface atoms in 
a particle so when particles contact each other at  ele- 
vated temperatures coalescence can occur. 

The degree of sintering is normally determined by 
measurements of changes in surface area and average 
particle size. More important, from a catalytic stand- 
point, is the change in particle size distribution upon 
sintering. This was not realized until rather recently. 
However, reporting particle size distributions is now a 
standard p r a ~ t i c e . ’ ~ J ~ ~ J ~ ~  

Morphological changes in thin metal films at  various 
substrate temperatures have been treated in some de- 
tail. Some specific examples are in order. Table VI11 
shows the changes in surface areas and crystallite sizes 
of nickel films of various thicknesses and the effect of 
hydrogen chemisorption on the sintering process.88 

From these data it was suggested that two stages 
occur during film sintering. The first stage is closure 
of gaps, which is rather rapid and leads to a rapid de- 
crease in surface area without changing the crystallite 
size. The second stage is coalescence of crystallites and 
removal of asperities. The removal of asperities was 
observed by EM during heating for 60 min at  670 K and 
resulted in the production of a mostly featureless sur- 
face. From Table VI11 it can also be seen that the 
presence of hydrogen markedly reduces the rate of 
sintering of Ni films. It was suggested that the presence 
of Hz reduces the surface mobility of Ni atoms.95 In 

contrast, it was reported that Hz accelerated sintering 
of a 1000-A Ni film at  600 0C.127 

Sintering of metal powders needs little discussion 
since coalescence and interparticle transport of surface 
atoms can easily be envisioned. The ease of thermal 
sintering of powders has already been mentioned. Of 
main concern is the prevention or inhibition of sintering 
in metal powders. McKee reported much greater re- 
sistance to sintering of oxidized platinum black relative 
to the reduced form.% The average size of P t  particles 
in McKee’s Pt-black was -100 in diameter. A 
mechanism for sintering of metal powders was sug- 
gested by McKee. Lattice vacancies could migrate away 
from the contact area between two spherical particles 
and be discharged at  the surface or at  grain boundaries 
if they exist. This would result in a net transfer of 
material to the contact zone and cause growth of 
“necks” between the particles. The sintering, whatever 
the detailed mechanism is, would lead to an elimination 
of surface defects. 

A pertinent study was reported by Wada and Ichi- 
k a ~ a . ’ ~ ~ ~ ’ ~ ~  Ni was evaporated, in vacuo or in a low 
pressure of inert gas, into a tetrahydrofuran matrix at  
-196 OC. The matrix was allowed to melt, and fine 
particles of Ni slowly settled out of solution. When the 
solution was stirred, the particles were redispersed. 
They concluded that the particles were covered with 
solvent, which prevented them from “sticking together”. 
Thus, this work as well as the work on pseudoorgano- 
metallic particles (section IIID)73-77 is related to the 
sintering phenomenon. 

The sintering of supported metal catalysts has been 
studied in much detail due to its direct industrial im- 
portance. Two main theories have emerged. One is the 
interparticle transport model, which results in a two- 
dimensional “ripening” of particles by migration of 
atoms or molecules on the surface or in the vapor phase 
from smaller crystallites to large crystallites. The other 
model uses particle movement over the surface followed 
by collision and coalescence. In this latter category two 
cases emerge. If migration is slow compared to coa- 
lescence, the growth process is said to be diffusion 
controlled. If the coalescence stage is slow compared 
to migration, the process is sintering controlled. Par- 
ticle size distributions can be used to distinguish these 
process.130 

Flynn and Wanke reported a model for sintering 
based on dissociation of individual atoms from a par- 
ticle followed by their migration and capture by another 
par t i~1e . l~~ It was determined that, if this is the only 
sintering process occurring, the broader the particle size 
distribution (PSD) the faster the sintering. The ulti- 
mate condition would be for a completely unisized 
distribution. In this extreme case no sintering should 
occur. This is because the model assumes transfer of 
mass from smaller particles to larger particles. 

Ruckenstein and Pulvermacher reported a model 
based on migration of crystallites upon the support 
surface and sintering of the colliding parti~1es.l~~ Their 
theory predicts an exponential rate of surface area de- 
cay. The rate of decay was formulated as 

= -KS* as 
dt 
- 

where S is the total surface area of the metal, K is a 
constant, and n is an exponent which is very sensitive 
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to the mechanism of the decay process. For diffusion- 
controlled processes n < 3. Possible effects of the at- 
mosphere on surface area decay were also suggested. 

At high temperatures the mobility of crystallites on 
the support is rather great, and the sintering process 
is rate determining. At lower temperatures the process 
is diffusion contr01led.l~~ This latter condition, which 
occurs a t  room temperature, is called “aging”. 

A decrease in strain in coalesced Ni particles observed 
in a Ni-alumina catalyst upon sintering led to the 
suggestion that a driving force for sintering is the re- 
duction of internal strain.llg 

Davis and Klabunde 

C. Magnetic Properties 

One of the most pronounced differences between 
small particles and bulk ferromagnetic metals is their 
magnetic properties. In 1896 Leick reported unusual 
magnetic properties of Ni and Fe films deposited under 
the influence of weak magnetic fields in the plane of the 
film.134 In 1930 Frenkel and Dorfman predicted that 
a ferromagnetic crystal of moderate size consisted of 
smaller units referred to as “magnetic drops”.135 These 
“magnetic drops” were predicted to be the smallest 
units which displayed normal ferromagnetism and were 
a minimum of cm in diameter. In 1938 Elmore 
obtained “positive” evidence that small particles behave 
as permanent magnets.l= Kittle, in 1946, calculated the 
size of the smallest domain structure of ferromagnetic 
bodies to be about 2 X lo4 cm and smaller particles 
should exhibit quite different magnetic properties from 
bulk specimens.137 

Eventually theories developed on the nature of the 
magnetic properties of small particles of ferromagnetic 
metals. Particles smaller than the ferromagnetic do- 
main size (-300 A) require much higher magnetic field 
strengths to saturate the particles than the bulk met- 
al.138J39 When these small metal particles are subjected 
to a large external field they act like paramagnetic at- 
oms with a very large magnetic moment. This phe- 
nomenon has been termed “superparamagnetism” or 
“collective paramagnetism” by Bean and Selwood, re- 
s p e ~ t i v e l y . ’ ~ ~ J ~ ~  

This unique property of small metal particles of 
normally ferromagnetic metals was exploited by Sel- 
wood and Bean in 1955 and 1956 in a sensitive method 
for the determination of particle sizes of less than 50 
A.140-145 Prior to these reports the most sensitive me- 
thod available for particle size determinations was 
X-ray diffraction line broadening, which had a practical 
lower limit of 100 A a t  the time. The problem with 
X-ray diffraction is that the best accuracy is 50% for 
small particle sizes.125 In order for magnetic measure- 
ments to be utilized in the determination of particle 
size, the presence of superparamagnetism must be 
proven.142 The method of particle size calculations by 
the magnetic method is discussed in a later section 
covering methods of characterizing physical properties 
of dispersed metals. 

It was observed in the pioneering days of the mag- 
netic method for particle size determinations that 
chemisorbed hydrogen caused a decrease in the 
magnetization of small metal particles at a given field 
strength from values obtained in vacuo.141 The presence 
of N2 produced an increase in magnetization, as did 02. 
It was believed that Ni has 0.6 electron hole per atom 

in its d band, and parallel coupling of unpaired electrons 
resulting from the deficit causes ferromagnetism. The 
decrease in magnetization due to H2 chemisorption was 
postulated to be due to electron donation to the metal 
d band. O2 may withdraw electrons, creating more 
holes. The effect of chemisorbed gases on magnetic 
properties is not observed for large particles or bulk 
samples due to the low ratio of surface atoms/total 
atoms. In small particles there is a high percentage of 
surface atoms, so the effect is pronounced. This de- 
crease in magnetization upon H2 chemisorption led 
Selwood to the development of a method for determi- 
nation of the mechanism of Hz chemisorption on nick- 

In Selwood’s original work it was reported that the 
Curie temperature of small metal particles varies with 
particle size.141 However, recently it was reported that 
the Curie temperature is independent of particle size 
but strongly dependent on the degree of reduction of 
the metal particles.l6 Thus, if a Curie temperature the 
same as the bulk value is obtained, one can be reassured 
that the sample is essentially completely reduced. The 
saturation magnetization of completely reduced metal 
particles is also identical with that of the bulk. Indi- 
cations were made in this report that much information 
on particle size distributions, degree of reduction, and 
support interactions can be obtained by careful analysis 
of superparamagnetism behavior and ferromagnetic 
resonance data. Care must be made in interpretation 
of magnetic data to be sure particle size effects are 
responsible for the observations. Derouane and co- 
w o r k e r ~ ~ ~ ~  seriously questioned conclusions, based on 
magnetic measurements, concerning catalytic activity 
variations with particle size as reported by Carter and 
Sinfelt.147J4s The latter workers used magnetic mea- 
surements to obtain information on nickel particle size 
and support effects on catalytic activity. It was ob- 
served that a large increase in magnetization occurred 
upon sintering which approached that of the bulk value. 
Also, in unsintered samples the specific magnetization 
did not approach that of the bulk as the field strength 
was increased. Since the saturation magnetization of 
completely reduced particles is the same as the bulk 
metal value, Sinfelt and Carter’s results were due to 
incompletely reduced nickel particles. Sintering creates 
larger particles with a lower percentage of surface at- 
oms. Therefore, the effect of incomplete oxidation on 
the saturation magnetization is less for larger particles 
than for smaller ones. This would explain the approach 
of the specific magnetization toward the bulk value for 
the sintered catalyst. 

The effect of chemisorption on magnetic properties 
was recently used to support a postulate that hydrogen 
is the principal solute in the nickel component of b e y  
nickel ~a ta1ys t s . l~~  

,1.145 

D. Electronic Properties 

The electronic properties of small particles has re- 
ceived much attention since catalytic processes would 
be expected to be very sensitive to any unusual per- 
turbations in transition-metal d bands. Many theo- 
retical treatments of the effects of particle size on the 
metal band width and Fermi level have been made.150,151 
Density of states calculations have been reported for 
model clusters exhibiting special surface features such 
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directed out from the cluster. At  corners of steps nickel 
has a tendency to concentrate charge near the center 
of each step side. 

Quantum mechanical calculations of state densities 
for various corner, edge, and step sites of different size 
Ni clusters up to 1280 atoms were r e ~ 0 r t e d . I ~ ~  The 
conclusion drawn was that the electronic structure of 
clusters follows, upon size increase, a general trend to- 
ward that of bulk for surface sites that have the same 
nearest-neighbor environment. 

Experimental evidence has been reported that 
changes from a discrete set of electronic levels to a 
spectrum characteristic of bulk metal are continuous 
and the bulk spectrum is reached when the particle 
contains about 100 As a result of this, Auger 
electron spectra reveal no changes due to particle size 
variations for Ag-, Cu-, Au-, and Ni-evaporated ul- 
trathin films on amorphous carbon.86 

Calculations by Hamilton and Baetzold of bonding 
in Pd clusters were reviewed.156 The atomic electron 
configuration for Pd is 4d1°5s0. Bonding in Pd clusters 
is due to the 5s orbitals, mainly, which overlap to form 
a stronger bonding molecular orbital than would be 
obtained with the 4d molecular orbitals. This leads to 
a 4d95s1 configuration for Pd2. Pd8-Pdlo have config- 
urations of about 4d9.45s0.6 and bulk Pd has the 4d9%30.4 
configuration. The effect of particle size changes on 
catalytic activity due to electron configuration changes 
should be nonexistent in real systems, with particles 
containing hundreds of atoms according to these theo- 
retical studies. 

Rhodin and Adams give a review of theoretical and 
experimental approaches to chemisorption as related 
to electronic properties of clean and chemisorbed metal 
surfaces.157 Techniques discussed include (1) field 
emission energy distribution (FEED), (2) ultraviolet 
photoelectron emission spectroscopy (UPS), and (3) ion 
neutralization spectroscopy (INS). The use of these and 
other techniques in the study of metal surface inter- 
action with atoms and molecules will be covered in a 
later section that covers reactions on single metal 
crystals. 

A general introduction to the determination of work 
function and surface charge transfer of metal particles 
is given by Rhodin and Adams.l@ Charge transfer be- 
tween W[lOO] and Ni[100] surfaces and first row dia- 
tomic molecules were calculated by using extended 
Huckel molecular orbital theory by Anderson and 
H ~ f f m a n n . ’ ~ ~  From these calculations it was deter- 
mined that metal atoms at  steps and corners of metal 
clusters gain extra electronic charge as a result of orbital 
orthogonality. As a result they form stronger bonds 
with electrophilic adsorbates. There is a trend toward 
development of negative charge on corner and step 
atoms. Charge transfer can occur between the adsor- 
bate and the surface, the direction of which depends 
upon orbital overlaps and relative orbital energies. 

V I .  H-H, C-H, C-C, and C-0 Bond Breaklng 
by Transltlon-Metal Surfaces 

Since breaking of bonds in a hydrocarbon (or oxy- 
genated hydrocarbon) during catalytic reactions is 
necessary, conditions which optimize such processes are 
of great interest. The following discussion treats the 
effects of properties of various metal surfaces and ad- 

Figure 7. Idealized representation of orbital charge densities of 
states near the Fermi level at step sites on a nickel cluster sur- 
face.15* 

as edge and corner atoms and Experimen- 
tally, the techniques of AES and PES have been used 
in attempts to determine the density of occupied states 
in clusters of various sizes.% X-ray photoelectron 
spectra have been used to determine the effects of 
cluster size on the d band width and ionization 
thresh01d.l~~ 

Calculations reported by Kubo showed that the av- 
erage spacing (6) between energy levels in a statistical 
collection of small metal particles is inversely propor- 
tional to the size of the par t i~1es . l~~  In bulk metals 6 
is smaller than any of the relevant energy parameters 
such as kT. In small particles, however, 6 may no longer 
be considered small compared with kT. Thermal 
properties, heat capacity, and magnetic susceptibilities, 
for example, may be very different for small particles 
relative to the bulk due to the increase in 6. This would 
be expected to be especially relevant a t  a low temper- 
ature where 6 1 kT. Kubo predicted that, as a result 
of the larger 6 in small particles, each one may have 
either an odd or even number of electrons in the elec- 
tronic states. Electrons in the highest occupied states 
need more than the kT available at  low temperature to 
change state. The properties mentioned due to the 
presence of an energy gap are called “quantum size 
effects”. The existence of an energy gap in real samples 
is not experimentally well established, as pointed out 
in a review by Marzke.151 The presence of odd or even 
numbers of electrons in small particles is difficult to 
determine due to the statistical distribution of these 
particles in a real sample. 

Theoretical calculations of density of states a t  the 
Fermi level in 13-atom clusters of Fe, Ni, and Cu was 
r e ~ 0 r t e d . l ~ ~  The density was largest in the case of Fe 
clusters. The d band width for the case of a 13-atom 
Ni cluster was much smaller than that of the bulk. The 
model used in these calculations was varied to include 
special surface features such as steps. Plotting orbital 
charge densities for states near the Fermi level revealed 
strong charge lobes extending above the step atoms and 
terminating in the plane below the step (see Figure 7) 
for the Ni case. In general stepped surfaces show a 
variety of bonding orbitals not present on flat surfaces. 
It was concluded that increased catalytic activity of 
stepped surfaces may be related to the increased div- 
ersity of bonding possibilities induced by the presence 
of the step. 

Further calculations of charge densities on corner and 
edge atoms of stepped surfaces of Fe, Ni, and Cu were 
r e ~ 0 r t e d . l ~ ~  It was found that there is a general charge 
buildup on the corner and edge atoms of the cluster 
with a corresponding increase of the orbital densities 
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sorbates on conditions necessary to break H-H, C-H, 
C-C, and C-0 bonds. The types of properties to be 
considered are generally (1) the form of the metal, (2) 
the metal used, and (3) the structure of the adsorbates. 
The correlation between these properties and the 
presence and nature of “active sites” is stressed. Fol- 
lowing a short historical review of the term “active site”, 
the discussion is divided into sections corresponding to 
the form of metal used in the studies. These subdivi- 
sions include single crystals, films, powders, supported 
metals, and metal clusters. 

In 1925 Taylor proposed that adsorption would take 
place preferentially on surface metal atoms situated at 
special structural features such as peaks, fissures, and 
other crystalline discontinuities.160 It was inferred that 
the greatest catalytic activity occurs a t  such special 
surface sites. This led to the terminology “active sites” 
or “active centers”. The term “active site” was used to 
explain many aspects of heterogeneous catalysis at  the 
microscopic level for interpretation of macroscopic re- 
sults (e.g., activity, products, and product distributions). 
At the time that the term was first used, all that was 
known about surface reactions was the nature of the 
reactants and products. Intermediates on the metal 
surface and mechanisms of the reactions were deter- 
mined only implicitly. Since structural details of the 
surface of a small metal particle are not known, the 
term “active site” remains implicit in nature. However, 
a degree of understanding of surface reactions has been 
achieved such that direct evidence for some active sites 
on surfaces has been elucidated. 

After Taylor proposed special structural features as 
centers of enhanced catalytic activity, many studies 
were performed to support the theory. Many types of 
bulk defects that intersect the surface were proposed 
as active sites. Dislocations and point defects were 
proposed as active sites in reactions such as formic acid 
decomposition or ethylene hydrogenation on cold-rolled 
nickel catalysts in the 1930s.’Oo Further support of the 
role of surface defects in catalytic activity was accu- 
mulated by the late 1950s. For example, Woodcock and 
Farnsworth reported an enhanced activity for the hy- 
drogenation of ethylene on clean platinum and nickel 
catalysts after ion bombardment.I6l 

Work of Sosnovsky in 1959 as described by Thomas 
seemed to provide strong evidence for dislocations as 
active sites.” Sosnovsky studied the decomposition 
of formic acid on well-characterized single silver crystals 
exposing [lll], [110], and [loo] faces. Reactions on 
each surface were studied after bombardment by pos- 
itive argon ions at  varying potentials. The ion bom- 
bardment was expected to produce surface defects, and 
it was observed that the catalytic activity was altered 
by such treatment. Arrhenius plots were made for re- 
actions, and it was seen that the preexponential factor, 
A ,  changed by several orders of magnitude, as shown 
in Table IX. The changes in A were attributed to 
changes in the number of active sites. The change in 
activation energy accompanying the change in A was 
attributed to a compensation effect brought about by 
the effect of temperature on the distribution of active 
sites. 

It has been pointed out that Sovsnovsky’s work was 
repeated in 1963 with evaporated silver films with 
surface dislocations and no important effect of these 

TABLE IX. 
Crystals on  Their Catalytic Activity for Formic Acid 
Decomposition on  [ 1111 Planes”’ 

Effect of Ion Bombardment of Silver 

- 
maximum 

ion energy, eV log A E, kcal mol-’ 
-~ 

1 3  2.3 i- 0.6 12.2 t 1.2 
38  6.1 f 0.5 17.6 i- 0.9 
77 7.3 i 0.4 20.4 t 0.8 

6.9 t 0.7 19.9 -L 1 . 5  
6.7 + 0.9 19.7 r 1.8 

22.5 i 2 .3  3000 i . i  - 1.1 

1 1 8  
280 

n r  

defects on catalytic activity was observed.l@’ Impurities 
were suggested to be responsible for the discrepancies. 
Thomas emphasized the importance of surface clean- 
liness in studies to suggest the role of defects in cata- 
lysis. There are about 1015 lattice sites per cm2 on 
close-packed surfaces of metals. If there is one-mil- 
lionth of a monolayer of impurity present on a surface, 
this corresponds to about lo9 “impurity sites” per cm2. 
This value is comparable in magnitude to the density 
of dislocations in typical surfaces studied. Therefore 
it would be difficult to distinguish between activity 
changes due to defects and contamination. Recently 
very careful studies of reactions on single metal crystals 
have provided strong support for the role of surface 
features in catalysis. These studies will be reviewed in 
the following section. 

It would be expected that changes in particle size are 
accompanied by changes in surface structure. Therefore 
many studies were carried out to demonstrate the effect 
of particle size changes on specific catalytic activity (i.e., 
activity per unit of metal surface area). Bond reported 
in 1962 that no such attempts had been successfu1.l’ 
This was not good for the “active site” advocates. Clark 
reviews the work of Boreskov, who published studies 
of specific catalytic activities for a variety of reactions 
and catalysts in the early 1 9 5 0 ~ . ~ ~ ~  In one study, Bor- 
eskov reported a sensitivity of specific activity to surface 
area of a platinum catalyst. This was H2-D2 exchange 
at  low temperature. 

The confusion created by the seemingly conflicting 
results from specific activity studies was partially 
cleared up in 1968 when Boudart provided data sug- 
gesting that some reactions are insensitive to surface 
structure and some are sensitive.” Boudart termed the 
structure-insensitive reactions as “facile” and struc- 
ture-sensitive reactions as “demanding”. In 1966 Bou- 
dart and co-workers reported a remarkable lack of 
sensitivity of the activity (expressed as a turnover 
number which is the number of reactant molecules 
converted per minute per catalytic site) to crystallite 
size for hydrogenation of cyclopropane at  0 “C  on 
Pt/A1203 ~a ta1ys t s . l~~  For dispersed samples the spe- 
cific catalytic activity was independent of the Pt loading 
on various supports. Dorling and Moss reported that 
the hydrogenation of benzene on Pt/Si02 catalysts was 
facile, as indicated by their data given in Table X.165 

In 1968 Boudart and co-workers reported a study of 
neopentane hydrogenolysis on supported Pt and Pt 
~ 0 w d e r . l ~ ~  Two parallel reactions were observed: 

Pt 1 
C(CH3)4 + Hz - (CHJ2CHCH2CHs 

catalyst 
2 

(CHJ,CHCH, + CH4 

These are (1) isomerization and (2) hydrogenolysis. It 
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TABLE X. 
Hydrogenation at 25 'ClSs 

Activity of PtlSiO, Catalysts for Benzene 
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metal benzene con- 

em-* of Pt s-l 
treatment crystal- surface verted, molecules 
temp, "C lite size, ii area m2 g-' 

120 45 2.00 2.8 x 1013 
250 220 1.32 2.7 x 1013 
300 210 1.52 3.2 x 1013 
400 360 3.00 1.4 x 1013 
500 64 0 1.53 1.3 x 1013 
600 980 0.20 inactive 
800 890 0.04 inactive 

TABLE XI. Effect of Catalyst Heat Treatment on 
Selectivity for Isomerization of Neopentane over 1% 
Pt on S u h e r ~ n ' ~ ~  

% dis- % selec- 
treatment persion tivity(s) 

( 1 )  H, at 500 " C  35 2.5 
( 2 )  Above t heat 35 13 

to 900 "C in vacuo 

was found that the selectivity(s), defined as the ratio 
of rate of isomerization to rate of hydrogenolysis, was 
(were) very structure sensitive, as shown in Table XI. 

In 1975 Bond stated that only three well-established 
categories of demanding reactions existed.l@ These are 
(1) reactions involving C-C bond breaking (hydrogen- 
olysis and skeletal isomerization) and formation (deh- 
ydrocyclization), (2) D2 exchange with C&, and (3) 
various oxidation reactions. Reasons for the existence 
of demanding and facile reactions will be treated from 
a mechanistic standpoint in subsequent subsections. 

Reactions on metal surfaces of various forms involv- 
ing H-H, C-H, C-C, or C-0 bond cleavage will be 
treated in the following subsections in order to deter- 
mine possible causes of activity and selectivity varia- 
tions. 

A. Single Metal Crystals 

The study of catalytic reactions on well crystallo- 
graphically characterized single metal crystals has been 
pioneered by Somorjai and has been the subject of 
numerous r e ~ i e w s . l ~ ~ - l ~ ~  The evolution of the present 
day role of surface science in catalysis studies has been 
described by S0m0rjai.l~~ In the 1940s little progress 
in surface science was made due to technical problems 
such as low signal to noise ratios in molecular beam 
scattering techniques and surface cleanliness. In the 
1950s semiconductor technology placed a demand on 
surface science, which responded with developments of 
less expensive and faster electronics. These advance- 
ments led to developments of many highly sensitive 
techniques for structural and compositional charac- 
terization of solid surfaces. The rapid developments 
in space technology led to the production of ultrahigh 
vacuum systems which cured the problem of surface 
cleanliness. Due to these technological advancements 
many important results from the study of reactions on 
metal surfaces have emerged. 

In 1948 carbon deposition on a spherical nickel crystal 
exposing [lll], [110], and [loo] crystal faces from CO 
disproportionation at  550 "C was reported (cf. Figure 
8).175 Black patches due to carbon deposition grew to 
cover the [ l l l ]  faces only, indicating preferred dispro- 
portionation due to geometrical requirements. In 1957 
Cunningham and Gwathmey studied the hydrogenation 

D111 [ loo1  [1101 

Figure 8. Crystallographic planes of nickel. 

of ethylene on [loo], [lll], [110], and [321] faces of 
nickel at  50-200 0C.176 It was found that the [321] face 
had the highest rate and the [lo01 face the slowest. The 
relative rates could not be explained in terms of dif- 
ferences in crystal geometries of the surfaces. Electronic 
differences were suggested. 

A flood of articles published since 1972 have con- 
firmed and suggested reasonable causes for the obser- 
vations of the early workers. Chemisorption of satu- 
rated hydrocarbons on Ni [lll], [loo], and [110] sur- 
faces a t  20 "C was reported in 1970.177 An ordered 
residue structure was observed when CH4, CzH6, or 
neopentane was adsorbed. This "carbonaceous" layer 
had a 2 X 2 array on the surface that was proposed to 
be built by C1 units (CH,). LEED and work function 
measurements were interpreted as indicating that CH, 
fragments were most likely present, with each species 
producing a surface dipole of 0.2-0.3 D on the [loo] face 
and 0.7-0.8 D on the [110] and [lll] faces. These au- 
thors further pointed out that reports in the literature 
reveal no chemisorption of CHI on polycrystalline films 
of Ni in the temperature range -70 to 100 "C, in con- 
trast to the observations on the single Ni crystals. 

Further studies of saturated hydrocarbon chemi- 
sorption were reported in 1971 by Maire and Legare.178 
Ni [ l l l ]  surfaces were studied by LEED and work 
function studies of propane and neopentane adsorption. 
The adsorption of these hydrocarbons always resulted 
in a decrease in the metal work function. It was con- 
cluded that hydrocarbon chemisorption on clean Ni 
surfaces is probably dissociative, resulting in the for- 
mation of residues of the type (CH),; 

A basic review of the surface techniques LEED, field 
ionization microscopy (FIM), and field emission (FEM) 
was published by Gasser in 1971.179 

Unsaturated hydrocarbon chemisorption on P t  [ 1001 
surfaces was studied in 1972 with LEED and AES 
techniques." CO was determined to be bound to the 
surface in the form of terminal and bridging carbonyl 
species. The terminal carbonyl had Pt-C bond lengths 
of 1.6 A and the bridging species had Pt-C distances 
of 2.4 A. The hydrocarbons C2H4, C2H3C1, and C2H3F 
formed 2 X 2 C surface arrays upon chemisorption at  
room temperature, due, presumably, to acetylenic 
species. 

In 1972 a study of the dehydrocyclization reaction of 
n-heptane (1) on platinum surfaces was reported.lS1 

The crystal surfaces used were well characterized by 
cleaning under UHV conditions and studies by LEED 
and AES techniques. The surfaces studied had the 
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Figure 9. Representations of flat and stepped surfaces of 
platinum 

Figure 10. Representation of Pt [997] surface. 

orientations shown in Figure 9. It was found that the 
initial rate of formation of toluene was twice as high on 
the stepped surface with [ I l l ]  terraces as the one with 
[loo] terraces. Furthermore, the [ l l l ]  flat surface was 
an order of magnitude less reactive than the stepped 
surface with [ 1111 terraces. Another interesting ob- 
servation was that the reaction could be sustained in 
the presence of H2 for more than 1 h. In the absence 
of H2 a layer of “carbon” was deposited during the re- 
action due to hydrocarbon cracking. The most reactive 
surface (stepped [ l l l ]  terraces) became covered by an 
ordered “carbon” layer. The less reactive surfaces had 
a disordered cover. The presence of H2 during the 
reaction seems to reduce the rate of dissociative chem- 
isorption of n-heptane so that dehydrocyclization can 
compete successfully. 

In 1973 H2/D2 exchange was studied on low and high 
Miller index surfaces of Pt single crystals.182 The [997] 
and [ l l l ]  surfaces were studied, and it was found that 
H-D exchange takes place readily on the stepped sur- 
face [997] (Figure 10) but not detectably on the [111] 
crystal surface. The difference in reactivity was as- 
cribed to the large density of atomic steps present on 
the high-index surface that are responsible for the 
dissociation of the diatomic molecules. 

McAllister and Hansen studied the decomposition of 
NH, on tungsten single crystal faces and found the 
order of activities [111] >> [lo01 > [l10].183 

8OC-970 K 
2NH3 7 N2 + 3Hz 

In a study of hydrocarbon adsorption on tungsten and 
platinum single crystals, dissociation products were 
shown by field ionization mass spectrometry to migrate 
on the surface and form deposits at  favorable sites.ls4 

Cartier and Rye used single crystal studies to yield 
support for a geometric factor in cata1y~is. l~~ These 
researchers used a flash desorption technique to study 
ethylene hydrogenation on W single crystals. H2 and 
C2H4 were sequentially adsorbed on the metal at a low 
enough temperature such that no reaction occurred. 
This was followed by rapid heating and the appearance 
of ethane in the gas phase measured by mass spec- 
trometry. The amount of ethane produced was actually 
small since -99% of the chemisorbed ethylene decom- 
posed, yielding H2 in the gas phase. Ethane, however, 
desorbed at a lower temperature than H2, 170 and 210 
K, respectively, on the [llO] surface and at lower tem- 
peratures on the [lll] surface. The Horiuti-Polanyi 
mechanism, originally proposed in 1934, was invoked 
to explain the observations. This mechanism where * 
indicates the metal surface. This mechanism is in 

I 
x 

agreement with the crystallographic dependence for the 
flash hydrogenation. For hydrogenation to occur it was 
postulated that a transition state 

was formed in reaction 2, The probability of this 
transition state decreases with increasing W-W dis- 
tance. Shorter W-W distances favor a kl reverse re- 
action and lower chance for hydrogenation via reaction 
n a. 

The [lll] surface was more active (mass 30 peak 
appeared at a lower temperature) than the [110] sur- 
face. Indeed the W-W distance in a [lll] plane is 4.47 
8, while in a [110] plane W-W distances of 2.78 and 3.14 
A are present. 

A W [110] surface was used for studies of C2H4 de- 
composition by UPS, LEED, and work function meth- 
ods.ls6 In this work features of photoelectron spectra 
obtained were attributed to C-H, C-C, and C-W bonds 
in adsorbed species of the form C2H2. These mea- 
surements were made at room temperature. The work 
function of the metal surface decreased by 1.2 eV at  
saturation coverage. When the W [110] was heated 
with chemisorbed ethylene to about 500 K, C-H bonds 
were broken with evolution of H2 gas. However, the 
C-C and C-M bonds remained intact, and the work 
function increased by about 0.6 eV. The C-C bonds, 
according to the UPS studies, were not broken until 
about 1100 K. 

A more detailed study of olefin chemisorption and 
decomposition by UPS was reported by Demuth and 
Eastman for a Ni [ l l l ]  surface.ls7 This work was done 
to determine the importance of r d  bonding in hydro- 
carbon chemisorption. Photoemission valence orbital 
energy levels for condensed (weakly bound) and chem- 
isorbed hydrocarbons were obtained. Emission inten- 
sity (electrons/eV) vs. electron binding energies (eV) 
plots were made for adsorbed and gas-phase hydro- 
carbons and comparisons made to determine K and (r 
orbital levels. Unsaturated hydrocarbons (C6H6, C2H2, 
and C,H,) upon chemisorption had a slight shift of 
binding energy of the low-lying u orbital to a lower value 
of relative ionization potential. However, upper P or- 
bitals showed a rather large increase in binding energy 
upon chemisorption, a shift of about 0.9-1.5 eV. Sat- 
urated hydrocarbons showed no shifts and were ob- 
served to adsorb physically on Ni [lll] at temperatures 
less than 150 K. The spectra of C2H4 chemisorbed at 
100 K changed upon warming to 230 K to the identical 
spectra of C2H2 chemisorbed. This indicated a thermal 
activation for dehydrogenation of ethylene. C2H2 and 

chemisorbed species were stable up to 470 K, 
above which they completely dehydrogenated to form 
a carbonaceous layer. From the data obtained it was 
predicted that the surface reaction 

C2H4(ads) - C2H2(ads) 
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Figure 11. Adsorption of CO on a Pt surface.” 

becomes exothermic because of ?rd bonding. 
Further chemisorption studies were reported by De- 

muth and Rhodin using LEED, AES, and work function 
techniques.l@ H2, 02, CO, S, Se, and Te adsorption on 
Ni [ l l l ] ,  [110], and [OOl] surfaces were compared. 
Three types of adsorption, based on interaction strength 
with the surface, were categorized. The first is molec- 
ular-like adsorption in which the molecule is adsorbed 
associatively as exemplified by CO on Ni [OOl], [110], 
and [ l l l ]  surfaces at  77 K. The second type of inter- 
action is atomic-like adsorption in which there is strong 
bonding between adsorbate and substrate but no dis- 
ruption of the latter. The third type of adsorption is 
disruptive adsorption in which the surface of the metal 
is changed by distortion or penetration of adsorbate into 
the lattice. This phenomenon is characteristic of ad- 
sorption above room temperature or at  high coverages 
as, for example, H2 on Ni [OOl] or [110] surfaces. It is 
clear from these studies that the adsorbate, surface 
crystallography, adsorption temperature, and coverage 
are specific factors on which the nature of chemisorp- 
tion of reactive gases depends. 

Further studies of CO chemisorption were reported 
for Pd single crystals.lSg Flash desorption spectroscopy 
and contact potential measurements were made for 
adsorption of CO and Pd [lll] and [loo] surfaces. It 
was observed that CO formed “close-packed” layers on 
the surface with an initial activation energy of 34-40 
kcal/mol. Adsorption was also studied on stepped 
surfaces, and it was found that the presence of steps had 
no effect on the distribution or heats of adsorption of 
CO. The CO was determined to be located at  sites 
where it can have six or nine nearest neighbors. 

In contrast to this report, Somorjai reported a definite 
effect of steps on the chemisorption of CO on Pt.lW In 
a careful UPS study it was found that dissociative ad- 
sorption of CO occurs at  steps and kinks on Pt surfaces 
(Figure 2) while associative adsorption occurs at  terrace 
sites. Furthermore, associatively adsorbed CO was 
found to be able to migrate to a step site and dissociate. 
The adsorption process can be summarized as shown 
in Figure 11. 

Somorjai’s observations supported observations re- 
ported in 1974 for adsorption of N2 on W s u r f a c e ~ . ~ ~ ~  
LEED, AES, and UPS studies showed that N2 on W 
surfaces exhibiting steps can (1) dissociate at  a step site, 
(2) migrate, or (3) desorb. Steps serve as sites for N2 
dissociation and the atoms produced can migrate out 
on a terrace. The site of N2 dissociation was proposed 
to be at  a vacant pair of [lo01 atoms (step atoms, Figure 
12). The dissociatively adsorbed N2 dissociation was 
proposed to be at  a vacant pair of (100) atoms (step 
atoms, Figure 12). The dissociatively adsorbed and 
associatively adsorbed states were observed as low as 

Only Surface A t o m s  Shown) 

@ i s  One Row B e h i n d  0 
Figure 12. W stepped surface showing N2 dissociation site (cross 
section). 

e o  

- Surface A t o m s  

Figure 13. Side view of stepped Pt(s) [5[111] X [lll]] surface. 

90 K, and desorption energies for the two types of ad- 
sorbed states were 320 and 80 kJ mol-l, respectively. 

A possible reason for the differences in the CO ad- 
sorption studies discussed lies in the results of McCabe 
and Schmidt reported in 1977.1g2 From FDS and AES 
studies of CO on low Miller index Pt surfaces, activation 
energies for desorption were determined. The activa- 
tion energies varied from 26 to 36 kcal mol-’, and im- 
purities were found to have a pronounced effect on the 
values. Surface oxides altered the desorption temper- 
ature significantly but differently on each plane. Im- 
purities may therefore have been responsible for the 
observations of CO on Pt planes in 1974.1g9 

Much more experimental support for the function of 
special surface features such as steps and kinks was 
reported during 1974-1979. Chemisorption studies in- 
cluded saturated and unsaturated hydrocarbons and 
several diatomic molecules. Studies with diatomic 
molecules will be discussed, followed by hydrocarbon 
adsorption and reactions. 

In 1976 H2 adsorption on a P t  [lll] surface at  150 
K was reported.lg3 By LEED, ELS, FDS, and contact 
potential studies it was determined that H2 adsorbs 
dissociatively on the low index Pt [ l l l ]  surface without 
any measurable activation energy. I t  was concluded 
that the role of atomic steps in controlling dissociation 
is questionable. 

In contrast, a strong step influence on H2-D2 ex- 
change on Pt surfaces was reported in 1977.1g4Jg5 The 
reaction 

H2 + Dz + 2HD 

was studied on Pt [ l l l ]  and P t  (s) [5[111] X [ l l l ] ]  
surfaces as a function of incident angle for a molecular 
beam of H2/D2. HD production rate was maximum 
when the beam was incident on the face of a step 
(Figure 13,6”). Steps were found to be seven times 
more active for HD production than terraces. H2 dis- 
sociated immediately upon impact with the surface so 
the variations in activity for HD production was at- 
tributed to the geometry of the step structure and not 
an activation energy barrier for adsorption. 

Important effects of adsorbed oxygen on high Miller 
index crystal surfaces were reported in 1976 by Blakely 
and S0morjai.l It was found that chemisorption of C 
or O2 can stimulate surface reconstruction. Twenty-two 
high Miller index planes of Pt were studied. Certain 
kinked step surfaces were stable when clean and in the 
presence of adsorbed oxygen but reconstructed to a 
lower Miller index structure when exposed to carbon. 
Some surfaces were stable in UHV or a carbon layer but 
not in the presence of 02. Many surfaces were sur- 
prisingly stable. The implications of these results to 
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Figure  15. Adsorption sites of C2H2 on Pt [lll].198 

TABLE XII. Structural Parameters of Surface 
Ethylidyne Complex and Ethylidyne 
Cluster Compoundszoo 

C-C, C-M, M-M, MCM, 
A A P; deg 

heterogeneous catalysis must be discussed. Few sur- 
faces were stable under oxidizing, reducing, and UHV 
conditions employed; rather, most faces changed their 
surface structures with change in environment. This 
suggests that "stable" surface structures play an im- 
portant role in catalysis since these retain activity under 
a variety of drastic environmental changes such as 
02 /Hz  cycles. In dispersed catalysts, changes in the 
surface structure of the metal particles may alter re- 
action rates and product distributions of surface reac- 
tions. Changes in catalytic specific activity with particle 
size, as has been observed for certain reactions, may be 
due to changes in the surface structure of the particles 
with size. In view of the effects of environment on 
surface reconstruction it was proposed that the nature 
of the support used in a catalyst may influence the type 
of surface features that are stable. Oxidation had been 
observed to decrease catalytic activity in most systems 
and was generally attributed to site blockage by oxygen. 
In light of these studies, in addition to site blockage, 
reconstruction of particle shapes may be a significant 
effect. This surface reconstruction phenomenon can be 
used to explain another important process in catalysis. 
I t  has been demonstrated that oxidation-reduction 
cycles at high temperatures can be used to redisperse 
large metal particles (e.g., Pt on A1203) 1 100 A into 
small particles 120 A on high surface area supports.lX 
Somorjai suggested that the lower surface tension of a 
metal oxide than that of a metal causes a flattened 
structure to be formed from a semispherical particle of 
the reduced metal which is readily reconstructed into 
smaller semispherical structures upon reduction of the 
oxidized structures, as shown in Figure 14.l An ad- 
ditional fact supporting the effects of oxidizing and 
reducing atmospheres on reconstruction is that the 
presence of a small amount (- 1% ) of HC1 or Clz in the 
reducing gas speeds the dispersion. 

Somorjai further pointed out that the surfaces which 
were stable toward reconstruction were those that had 
either a high density of periodic one-atom-high steps 
or a complete lack of steps.16* Also, most of the ob- 
served reconstruction processes were reversible. The 
main lesson to be learned from these studies is that the 
atomic surface structure of a freshly prepared catalyst 
is drastically changed under reaction conditions. 

Studies dealing with the effect of surface structures 
on chemisorption of saturated and unsaturated hydro- 
carbons were first reported in 1974.Ig7 The following 
surfaces were studied: (1) Pt(s) [9[111] X [lOO]], (2) 
Pt(s) [6[111] x [ lOO]] ,  (3) Pt(s) [7[111] X [310]], and 
(4) Pt(s) [4[111] X [loo]]. Surfaces 1-3 were stable 
toward reconstruction in Hz and hydrocarbon atmo- 
spheres at 25-1000 "C.  Chemisorption of ethylene, 

Pt [111] ethylidyne 1.5 2.0 2.77 88 

CH,CCo,( CO), 1.53 1.90 2.47 81 
CH,CRu,(CO),H, 1.51 2.08 2.84 8 6  

benzene, and toluene produced carbonaceous deposits. 
On surfaces 1 and 2 the deposits had ordered structures 
while on surface 3 a disordered structure resulted. The 
[310] plane of surface 3 results in a high concentration 
of kinks in the steps. From these and other results it 
was postulated that upon chemisorption of a hydro- 
carbon, saturated or unsaturated, on the Pt surfaces any 
of four processes can occur: (a) nucleation and growth 
of an ordered "carbon" surface structure, (b) dehydro- 
genation, (c) decomposition of organic molecules (e.g., 
C-C bond breaking), and (d) rearrangement of the 
substrate (reconstruction). On surfaces 1 and 2 pro- 
cesses a and b predominated; on surface 3 process c and 
on surface 4 process d predominated. 

Prior to 1976 the only information obtainable about 
adsorbed hydrocarbons on metal surfaces by the LEED 
technique was the order of the molecules. No infor- 
mation could be obtained about the atomic geometry 
of the adsorbed molecule. In 1976 Somorjai reported 
that "surface crystallography" could be achieved with 
LEED.'98J99 Diffraction spots vs. incident beam energy 
profiles can be used to calculate interatomic distances 
normal to the surface of the two dimensional unit cells. 
This is possible because the I-V profiles are very sen- 
sitive to geometric spacings so that computer simulation 
can be achieved, resulting in accuracies up to 0.1 A in 
atomic positions. Somorjai exploited this feature of the 
LEED technique by studying, in more detail than 
previously possible, the chemisorption of CzHz on a Pt 
surface.lg8 In addition to observing an ordered 2 X 2 
chemisorbed layer of acetylene on Pt [lll], the relative 
geometries of adsorption sites were predicted. A Pt 
[lll] surface was exposed to C2H2 at 300 K followed 
by gentle heating to 400 K for 1 h. With I-V profiles 
of the adsorbed layer it was determined that the mol- 
ecules adsorbed in either a threefold position or a 
twofold bridge position (Figure 15) at a distance 1.95 
f 0.1 A above the topmost plane of Pt atoms. 

Further detail of C2H2 chemisorbed species was elu- 
cidated in 1978 by LEED, UPS, and ELS methods.2"" 
By use of LEED I-V profiles from experimental data 
and those calculated by assuming geometries, best fit 
was obtained for an ethylidyne surface complex. 

surface complex 

H 

W C A -  I 
I 
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Comparison of structural data for the ethylidyne surface 
complex with similar species in cluster compounds was 
made as shown in Table XII. These data and vibra- 
tional frequencies obtained by ELS strongly support the 
existence of ethylidyne surface complexes. 

Ethylene and acetylene chemisorption was studied 
on Ni [ l l l ]  and Fe [loo] surfaces by UPS, LEED, and 
AES methods.201-203 CzH4 chemisorbed on Fe [loo] 
surfaces was studied by UPS, LEED, and AES, and no 
evidence for CzHz adsorbed species was obtained.202 
Spectral features obtained at  123 K indicated the 
presence of mainly CHz fragments. Weakly bound CzH2 
was observed to be bonded to a layer of dissociated 
acetylene fragments on the Fe [loo] surface. The ease 
of C-C cleavage was attributed to ?rd bonding interac- 
tions, resulting in “stretching” of the adsorbate molecule 
to the extent of breakage. This multilayer structure was 
observed even at  the low temperature of 98 K. CzHz, 
CzH4, and CzH3F chemisorption studies on Ni [loo] 
surfaces at  77-423 K were reported.m3 Ethylene chem- 
isorbed on Ni [loo] had the same UPS spectra as 
acetylene on this surface. Support was drawn from the 
literature for dissociative chemisorption. It was pointed 
out that UPS studies of CzH4 chemisorption on Ni [ l l l ]  
surfaces and polycrystalline Ni revealed that CzH4, 
physisorbed at  77 K, dissociated to CzHz adsorbed 
species upon warming to 230 K. CzH3F formed ace- 
tylenic residues on Ni [ 1001 by elimination of HF. CH4 
chemisorbed dissociatively on Ni [110] at 473-579 K, 
forming an ordered 2 X 3 surface layer.204 

Support for Boudart’s categorization of “demanding” 
and “facile” reactions on metal surfaces was reported 
for studies of reactions on single crystal surfaces. In 
1974 Somorjai and co-workers showed that similar re- 
sults could be obtained for catalytic studies on dispersed 
supported metal catalysts and single crystal surfaces.205 
The hydrogenolysis of cyclopropane 
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TABLE XIII. Reaction Structure Sensitivityzos 

(a) benzene hydrogenation on Pt/SiO, 
( b )  dehydrogenation of cyclohexane, hydrogenation of 

(c )  cyclopropane hydrogenolysis on Pt/AI,O,, Pt/SiOz 

(d)  ethylene hydrogenation on Pt/SiO, 

Structure-Sensitive Reactions 
(a) ethane hydrogenolysis on Ni/SiOz-Alz03 and Rh/SiO, 
(b)  neopentane hydrogenolysis and isomerization on 

(c )  hydrogenolysis of methylcyclopentane on Pt/Al,O, 

(d)  hydrogenation of 1,2- and 1,3-butadiene on Ni/Al,O,, 

(e )  hydrogenation of benzene on Ni/SiO, 

TABLE XIV. Classification of Reactions by Step Density 
and Carbonaceous Overlayer Dependencezo6 

Structure-Insensitive Reactions 

cyclopentane, Hz-D, exchange on Pt/SiOz 

and Pt powder 

Pt/AI,O,, Pt/SiO,, and Pt powder 

and Pt/SiOz 

Ni/SiO,, and Ni powder 

was studied on stepped P t  surfaces at 1 atm of pressure 
by using a special apparatus allowing high pressure and 
UHV conditions on the sample without its movement 
or contamination. An activation energy for the reaction 
on a Pt(s) [6[111] X [200]] stepped surface was found 
to be 12.2 f 1.0 kcal mol-’. Values obtained for the 
reaction on dispersed Pt catalysts were reported as 
8.0-12.2 kcal mol-l. By converting initial rate data 
reported in the literature for the reaction on dispersed 
Pt catalysts to the conditions of 75 OC and 135 torr of 
cyclopropane pressure agreement within 20% was ob- 
tained. This provided support that single crystals may 
be excellent models for polycrystalline supported metal 
catalysts. It was assumed that cyclopropane hydro- 
genolysis was a facile reaction which resulted in similar 
rates for very different surfaces. Structure insensitive 
and structure sensitive reactions reported in the liter- 
ature were summarized by Somorjai and are shown in 
Table XIII. 

In 1976 Somorjai reported that some reactions are 
sensitive to the structure of carbonaceous layers on the 
surface.206 Sensitivity to structure was indicated by the 
effect of kink density in a stepped surface on reaction 
rates. The influence of a carbonaceous overlayer on 
activity was determined by studying surfaces with or- 
dered and disordered layers. The reactions shown in 

step structure sensitive step structure insensitive 

overlayer overlayer overlayer overlayer 
structure structure structure structure 
sensitive insensitive sensitive insensitive 

(3-0 
u 

Table XIV are placed in their proper categories for Pt 
single crystal surfaces. It was pointed out that structure 
sensitivity may not be observed for dispersed catalysts 
since particles of any size will always contain many 
steplike atoms of low coordination so structure insen- 
sitivity may be observed. 

Falicov reported theoretical studies of stepped surface 
structures of Pt.m7 Corner and step “ledge” atoms were 
shown to have a variety of charge lobes (only angular 
distributions considered) not present on terrace atoms. 
This enhanced variety of available orbital symmetries 
was postulated as the major cause for the enhanced 
reactivity of these features. 

In summary, the general implications of these single 
crystal studies should be pointed out. Structural fea- 
tures which allow atoms to be in low coordination states 
provide enhanced reactivity for C-H and C-C bond- 
breaking processes over higher coordination sites such 
as terraces. Some reactions may occur with low acti- 
vation energies or little geometric requirements and 
thus show structure insensitivity. Other reactions may 
be more difficult and require special surface features 
such as steps and kinks. Adsorbed impurities or car- 
bonaceous layers may affect catalytic activity or selec- 
tivity by acting as promotors, inhibitors, or creating sites 
where desorption of products may occur readily (e.g., 
carbonaceous covered terrace site). Single crystal cat- 
alytic studies can be carried out at  low pressures or high 
pressures of reactant gases, which minimize the ex- 
trapolation necessary to the conditions employed in 
industry. 

B. Metal Films 

Metal films have been used, for reasons already dis- 
cussed, to obtain information about heats of adsorption 
of hydrocarbons in addition to probing mechanisms of 
chemisorptive and catalytic processes. Anderson and 
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TABLE XV. Heat of Chemisorption of H on  Nickel 
Films and Single Ni Crystal Faces"' 

Hads, 
surface temp, K kcal mo l - '  method 

film 298 16-30' calorimetry 
film 77 18  calorimetry 
I1001 298 23.1 thermal desorption 
[1101 282 20.3 thermal desorption 
[1111 298 21.4 isothermal 
filament 279 52.6 calorimetry 
filament 8 6  38.2 calorimetry 

a Range of several studies. 

TABLE XVI. Heat of Chemisorption of O 2  on Ni Films 

AHadsl(l 
temp, K kcal mo l - '  method 

298 120-1 30 calorimetry 
298 1 1 5  calorimetry 
298 107 calorimetry 
273 76-89 

90 7 1  
77 70  

a Each entry represents a separate study. 

Baker reviewed catalytic reactions on metal films in 
1971.208 In this section the subject is treated with 
discussions of chemisorption of a variety of molecules 
followed by surface reactions such as cracking, hydro- 
genolysis, skeletal isomerization and exchange reactions. 
Unsaturated hydrocarbon reactions are discussed first, 
followed by reactions of saturated hydrocarbons. 
Highlights from the literature of the period of - 1940 
to 1979 are presented. 

A few inorganic molecules chemisorbed on metal 
films warrant discussion due to their presence under the 
conditions employed in this research. 

Somorjai and Toyoshima presented a recent com- 
prehensive review of chemisorption data obtained for 
H2, 02, CO, and C02 on a variety of metal surfaces.173 
Due to the presence of many possible "binding states" 
of an adsorbed molecule on a metal surface, heats of 
adsorption (mads) may vary by 20 kcal mol-'. There- 
fore it is difficult to assess a single value for the heat 
of chemisorption of an adsorbate on a given transition 
metal. Nevertheless, remarkable agreement of mads 
values for H2 chemisorption on Ni films and single 
crystals arises upon data comparison, as shown in Table 
XV. Agreement in m a d s  of H2 is found by using dif- 
ferent methods as well as for different surfaces. Table 
XVI shows data for O2 chemisorption on Ni films. The 
variation in the values is much more pronounced than 
in the case of H2 chemisorption. m a d s  of co and C02 
on Ni films of 17-42 and 44-54 kcal mol-l, respectively, 
were r e ~ 0 r t e d . l ~ ~  

Many studies of CO chemisorption on transition 
metals have been reported due to the importance of 
reaction 4. Identification of intermediates in this re- 
CO + H, - CH, + H20 + >C, hydrocarbons (4) 
action have been pursued for many decades. Two likely. 
species of adsorbed CO have been the subject of intense 
debates. These are a linearly bound CO or a bridged 
structure. 

TABLE XVII. CH, Adsorption on Ni Filmszo8 

film relative ,Tact, 
preparation surface adsorption kcal 
conditionsb temp, "C occupationa rate mol- '  

- 

0 "C -78-70 no adsorption 

0 "C 140-260 0-10% slow -11 

0 "C 140-200 0-9% slow -10 

250 "C 50-250 0-0.1% slow -1 

deposition 
(HV) 

deposition 
(HV) 

deposition 
iHV)  

iUHV) 
deposition 

a Percentages give number of adsorbed molecules per 100 
surface metal atoms. 
ultrahigh vacuum. 

HV = high vacuum; UHV = 

Presently there is support for both species on metal 
surfaces along with dissociative forms and even for- 
mation of gaseous carbonyl compounds such as Ni(C- 
O)4.209 A recent study of reaction 4 on Rh foil at 300 
"C was reported which yielded results in terms of 
product distributions that agreed well with data ob- 
tained on dispersed Rh catalysts.210 Under all condi- 
tions (250-350 "C, H2/C0 1 3:l) methane was the 
major product (>€io%) isolated; small amounts of C2-C3 
hydrocarbons were also obtained. The apparent acti- 
vation energy for the reaction on Rh foil is 24 f 3 kcal 
mol-I. Hydrogenation of C 0 2  was found to yield 100% 
CH, over Rh foil with an activation energy of 16 f 2 
kcal mol-'. 

Mercury vapor has created many problems in cata- 
lysis research through its role as a poison1' The im- 
portance of isolating a metal catalyst from mercury 
sources can be stressed by citing an investigation of Hg 
adsorption on a Ni film at room temperature.211 It was 
found that a Ni film with prior exposure to Hg vapor 
could not adsorb H2. Furthermore when Hg was ex- 
posed to a film containing preadsorbed hydrogen, 88% 
of the H2 was displaced. 

The last inorganic molecule to be considered here is 
H20. A study in 1975 revealed that H20  adsorbs on Ni 
and V films a t  77 K without dissociation.212 Upon 
warming to 273 K, however, H20  decomposition occurs 
which can be aided by addition of a Lewis acid coad- 
sorbate such as BF3. 

The adsorption of methane on metal films has been 
reviewed.208 Data obtained from this review for CHI 
adsorption on Ni films is presented in Table XVII. It 
has been observed that a low activation energy process 
which is rapid for methane adsorption occurs on many 
metals (W, Mo, Cr, Ir, Rh, and Ti) at low coverages 
(< lo%)  followed by an activated process at higher 
coverages.20s The "fast" process is probably the reaction 

r3 + 1 Wqq) + ** - 
in which * indicates a surface adsorption site. The 
activated process involves more extensive dehydroge- 
nation to CH2(ads), CH(ads), and ultimate C(ads). These 
secondary processes make thermodynamic studies very 
difficult since gas-surface equilibrium and equilibrium 
distribution of the various dehydrogenated states are 
difficult to assess. 
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Ethane adsorption on Ni films at  -78 to 70 “C showed 
an initially low energy process a t  coverages up to 2% 
followed by an activated process a t  higher coverages.208 
In general it has been observed that ethane adsorbs 
more readily than methane on most metals, presumably 
due to the lower C-H bond strength in ethane vs. 
methane. In the case of ethane as well as other satu- 
rated hydrocarbons, C-H cleavage can be followed by 
C-C cleavage on metal films, as will be shown when 
hydrogenolysis is considered. Saturated hydrocarbons 
with three or more carbons all have nearly the same 

Unsaturated hydrocarbons such as ethylene strongly 
adsorb on transition metals.208 Upon chemisorption, 
ethylene dehydrogenates rapidly to acetylenic type 
surface species, as was shown for chemisorption on 
single metal surfaces. At  low coverage the reaction 

C,H, + 4* - 2H + HC-CH 1 I t  * *  
occurs. At  higher coverages ethane appears in the gas 
phase due to self-hydrogenation. Beeck showed by 
ethylene hydrogenation studies that the reaction 

H(ads) + C2H4(ads) - C2H6(g) 

is The reaction 
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has led to the conclusion that surface polymerization 
of the acetylenic-type species can occur. Poilblanc and 
co-workers showed that ethylene could be adsorbed and 
then hydrogenated to release all of the surface species 
in the form of ethane when the surface (Ni film) was 
precovered with C0.215 Without the CO pretreatment 
a significant amount of “carbon” remained on the sur- 
face after hydrogenation of the adsorbed ethylene. It 
was suggested that CO acts as an inhibitor to polym- 
erization. Pretreatment of the surface with hydrogen 
was postulated to promote a nondissociative form for 
chemisorbed olefins. 

H,C-CH, vs. HC=CH 
I I  

M M  
I I  
M M  

Evidence for C-C bond cleavages of adsorbed olefins 
at elevated temperatures will be considered in the next 
section on metal powders. 

The practical implication of the above studies is that 
by adsorbing H2 or CO on a metal catalyst prior to 
hydrogenation of an olefin, fouling of the catalyst by 
carbonaceous deposits is hindered. This is not the case, 
however, for the methanation reaction (eq 4). In this 
reaction adsorbed carbon is a likely intermediate, as 
shown by Araki and Ponec.’16 A nickel catalyst, which 
was precarbided, had a higher initial methanation rate 
than one without this pretreatment. 

The exchange reaction between saturated hydro- 
carbons and deuterium on metal films has been re- 
viewed by Bond and discussed by Anderson and Bak- 
er.11v208 In this discussion correlations made by An- 
derson and Baker in 1971 and results from some more 
recent studies will be used. 

From the work of Kemball and co-workers in the late 
1950s mechanisms for the exchange reaction between 
deuterium and methane on transition metals were 
suggested that were in accord with product distributions 
obtained experimentally.m On polycrystalline films of 
Rh, Ni, Pt, W, and Pd the reaction 

is, however, nearly instantaneous. Jenkins and Rideal 
used Beeck’s observations to support a mechanism for 
the self-hydrogenation of ethylene on Ni films at  20 

They concluded that ethane formation at  higher 
coverages resulted from reaction between gas-phase 
ethylene and adsorbed hydrogen atoms (from dehy- 
drogenation of initially adsorbed ethylene). The lack 
of ethane formation at  low coverages suggests that ad- 
sorbed hydrogen and adsorbed acetylenic type “surface 
complexes” can coexist. Ethylene was shown to exclu- 
sively chemisorb by dissociation of C-H bonds in an 
irreversible process. 

A t  high coverages of CzH4 there is evidence for a 
concomitant nondissociative adsorption occurring.208 
This is implied by a decrease in AHa& with an increase 
in coverage. This decrease results from a greater con- 
tribution of the nondissociative adsorption to the ob- 
served AHads at  the higher coverages. The relative re- 
activities of transition metals toward olefin adsorption 
can be seen by comparing m a d 8  at  low coverages of 
ethylene: (Ta, W, Cr) > 100 kcal mol-’, (Fe, Ni, Rh) 
50-70 kcal mol-l, and (Cu, Au) - 20 kcal mol-’. 

Studies of benzene adsorption on metal films have 
shown that initial P H a d s  is about one-half of the cor- 
responding value for olefin adsorption.208 Dissociative 
chemisorption has been observed on Fe, Ni, and Pt, but 
the loss of hydrogen is much less for benzene than 
ethylene. The nondissociative adsorption of benzene 
is thought to result in a .Ird metal bonding complex on 
the surface. This type of bonding may also occur in 
nondissociatively adsorbed olefins. 

Butane and higher hydrocarbons in addition to eth- 
ane have been observed in the gas phase following hy- 
drogenation of surface complexes of chemisorbed 
ethylene.208 This observation, in addition to the ob- 
servation of reduction in hydrogenation rates with time, 

OC.214  

metal 
CHI + D2 - CH,D, 

x = 1, 2, 3, or 4; y = 4 - x  

gave CH3D and CD4 as major products, with lesser 
amounts of CHzDz and CHD, obtained. The activation 
energy for the formation of CH,D was found to be 
significantly lower than that for CH2D2, CHD3, and 
CD4, which had similar activation energies. Since the 
surface species CH2(ads), CH(eds), and C(ads) have much 
different stabilities, formation of CH2D2, CHD,, and 
CD4 directly from these species is improbable. The 
predominance of CH3D in the reaction products seems 
to be due to a lower activation energy for mono- 
deuteration and a higher activation energy for CH3(,,) - CH2(a~s, than CH4(physically adsorbed) - CH3(ad,). 
The higher deuterated products may arise by an 
“interresidue hydrogen transfer” reaction: 

2CH2(ads) - CH(ads) + CH3(ads) 

which passes through an intermediate such as 

M I M  
M 
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Ethane undergoes exchange much more readily than 
methane on all metals studied. Differences in exchange 
product distributions and rates among higher hydro- 
carbons are less, and trends cannot be detected due to 
interfering factors such as residue buildups which mask 
these subtle changes. Polycrystalline Ni films deposited 
at 0 "C were used for C2Hs/D2 exchange reactions a t  
0 "C. The products obtained were 98% C2H,D and 2% 
C2H4D2. On other metals different results have been 
observed, but no trends could be given due to the rea- 
sons just mentioned. Multiple exchange to produce 
more highly deuterated products was proposed to occur 
by repeated processes of the type 

22'46 g + ' ~ r i i c ,  e ' I 2 C - C H z  

~ 1 1  
$1 V M  

Support for this type of interconversion process comes 
from the observations that the formation of highly 
deuterated products is inhibited by high D2/C2H, ratios 
(D2 acts as an inhibitor), and an increase in mono- 
deuterated products occurs upon surface poisoning by 
carbonaceous residues.208 Mechanistic conclusions for 
D2 exchange with <C, hydrocarbons are supported in 
large part by agreement with theoretical product dis- 
tribution calculations that take into account the various 
equilibria involved. For hydrocarbons with more than 
three carbons the theoretical treatment is too compli- 
cated due to an increase in variables. 

Propane-deuterium exchange was observed as low as 
-47 "C on nickel films, with propane-d being the major 
product a t  this temperature.217 The secondary hydro- 
gens were found to exchange about 10 times faster than 
primary hydrogens. A few mechanistic intermediates 
have been proposed for the active surface species in 
these reactions. The first intermediate is a residue 
bound to the surface by more than two carbons such 
as 

C H2-CH -C tc 2 

v M M 
I l l  

The second is a a-allyl type intermediate of the type 

Davis and Klabunde 

However, there seems to be support shifting toward 
a-bonded type intermediates in more recent studies, 
especially at elevated temperatures. Kemball has sug- 
gested that a-bonded intermediates result in a greater 
amount of isomerization vs. exchange than a-bonded 
species during reactions of polymethylcyclopentanes 
with deuterium on nickel films.218 The isomerizations 
in these reactions result from methyl groups changing 
sides of the cyclopentane plane and are aided by a- 
bonded intermediates which bring methyl groups into 
the ring plane. 

Hydrogenation of olefins on metal films has been 
studied extensively for ethylene and propylene; how- 
ever, higher olefins have not been studied in depth. The 
more recent studies of olefin hydrogenation, isomeri- 
zation, and D2 exchange reactions have used a-bonded 
intermediates in mechanistic interpretations of results. 
Kemball found an activation energy of 7 kcal mol-' for 
ethylene hydrogenation on a nickel film at -120 "C, and 
similar activation energies have been reported for the 
reaction on Ni powder, wire, and supported catalysts 
at various temperatures.208 The important point to be 
brought out is that the nondissociative form of the 
olefin is believed to be an intermediate in hydrogenation 
reactions. The intermediate may be a u-diadsorbed, 
a-adsorbed, or a-allyl-adsorbed species. 

Due to discrepancies in results by different workers 
detailed mechanisms of D2/olefin exchange cannot be 
given. Anderson and Baker gave a general mechanism 
which supports most of the data obtained for reactions 
on nickel This mechanism is shown in reaction 
5 where D and H represent active "hydrogen" species, 

H 2C- C H D 

M M  

HzC-CHz 

M M  I I  

1 

-H 

/c H2D 
CH2 

I I  
or X I  - or 

( 5 )  H z C z C H D  

M 

HzC=CHz M 

ID 
M i DHzC-CHzD 

A B C 

the source of which is not perfectly clear and, therefore, 
not indicated. Nickel films catalyze multiple olefin 
exchange readily even at -100 "C. The multiple ex- 
change presumably arises from a rapid rate for A - B 
and B - C processes creating half-hydrogenated species 
containing different amounts of deuterium. 

Deuterium exchange with alkylbenzenes has been 
studied on many transition-metal films.208 Apparently 
two different mechanisms operate for exchange of ring 
hydrogens and exchange of side group hydrogens. The 
ring hydrogens are exchanged at a much lower rate than 
alkyl group hydrogens on nickel films that have been 
sintered at 200 "C for 30 min after deposition at 0 "C.  
However, no such differences were found when unsin- 
tered films were used. It seems that certain structural 
sites on the surface are needed for exchange of the ring 
hydrogens. For side chain exchange, hydrogens on 
carbons CY to the ring are by far the most reactive 
probably due to the lower C-H bond energies of the 
former. Proposed mechanisms for ring and side group 
hydrogen exchange with deuterium are shown in Fig- 
ures 16 and 17.208 For exchange of ring hydrogens, as 
shown in Figure 16, dissociative (A) and nondissociative 
(B) bonding modes of surface complexes can be visu- 
alized. It has been proposed that a bonding of the 

The third is the already mentioned 1,2-diadsorbed 
species 

The fourth possibility is a 1,3-diadsorbed species of the 
type 

This latter intermediate is not likely, at least on Ni/ 
kieselguhr catalysts, since exchange between D2 and 
3,3-dimethylhexane resulted in negligible exchange in 
the quaternary methyl groups.208 There is support for 
all three of the other intermediates on various metals 
and under various conditions. It is difficult to prove 
the existence of any of the possible intermediates. 
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N i  

N i  
V e r t i c a l l y  bpi 
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( C )  H a l f  Hydrogenated 
S t a t e  

Figure 16. H-D exchange of benzene ring hydrogens on Ni 
films.20s 

N i  N i  

Figure 17. H-D exchange of a-carbon hydrogens on alkylbenzenes 
over Ni films.20s 

benzene ring to a nickel surface may be important in 
order to hold the ring flat on the surface so that bonding 
to the side chain carbons can be achieved (Figure 17). 

Hydrogenation of benzene on nickel films at  20 "C 
has been found to proceed with an activation energy of 
8.7 kcal mol-'. Vapor phase hydrogenation of benzene 
and toluene over evaporated nickel films at  90 OC was 
found to be accompanied by some poisoning of the 
catalyst surface by "hydrocarbon 

Studies of hydrogenation of benzene from -34 to 50 
"C have shown that the slow step in the process is the 
formation of a C6H8(ah) species. This intermediate can 
rapidly hydrogenate to cyclohexane. In fact, it was 
observed that hydrogenation of cyclohexene is 200 times 
faster than that of benzene at  -34 "C on nickel films. 
The poisoning previously mentioned was proposed, in 
1968, to be due to C-H bond cleavages resulting in 
formation of a carbonaceous residue consisting of 
multiply bonded C6H, rings.208 

C6H6(g) * C6H6-n(ads) + nH(ads) 

A t  elevated temperatures ( w  200 "C) the reaction is 
accompanied by hydrogenolysis to alkanes. 

Hydrogenolysis wil l  be considered, from this point on, 
to be any reaction involving C-C bond cleavage on a 
metal surface in the presence of hydrogen to yield 
products containing fewer carbon atoms than the parent 
molecule. The source of hydrogen can be from dehy- 
drogenation of hydrocarbons or an external source. In 
most instances hydrogenolysis is accompanied by 
skeletal isomerization and cyclization processes. 

CH4 + i - C 4 H 1 0  H\ 
H'$ 

Pt Pt 

1H2 
m 

'-'gH12 

Figure 18. Bond shift mechanism.20s 

Therefore all three reaction paths will be considered. 
Anderson and Baker presented a review of these reac- 
tions on metal films in 1971, results of which will make 
up a large portion of the following discussion.208 

When a normal, branched, or cyclic alkane is exposed 
to a metal surface in the presence of hydrogen, three 
major processes can occur: (1) isomerization, (2) cy- 
clization (or dehydrocyclization), and (3) hydrogenoly- 
sis. Processes 1 and 3 involve the rupture of C-C bonds. 
From analysis of reaction products obtained for many 
alkanes on many metals two distinct mechanisms for 
skeletal isomerizations have become apparent. The first 
is a bond shift mechanism that usually seems to occur 
via a l,&diadsorbed intermediate. The second involves 
a carbocyclic intermediate that becomes important 
when a five- or six-membered ring can be formed. 
These two types of processes can occur simultaneously 
or consecutively, giving rise to a large diversity of 
products. Hydrogenolysis is a competitive process 
which leads to products containing a fewer number of 
carbon atoms than the parent compound. Cyclization 
processes can be considered as specific cases of skeletal 
isomerization since the number of carbon atoms in the 
products is the same as that in the parent alkane. 

The most prominent mechanism used to interpret 
distributions of isomerization products from the reac- 
tion of butanes and neopentane on transition-metal 
films is the bond shift process. The skeletal isomeri- 
zation of these alkanes on transition-metal films (Pt) 
was first demonstrated by Anderson and Avery in 
1963.220 These authors later proposed a bond shift 
mechanism for neopentane isomerization which involves 
a 1,3-diadsorbed intermediate.221v222 

CH3\p,CH3 

ij H'L'C H2  
I 

P t  Pt  

1,3-diadsorbed species 

The formation of this species was proposed to be via 
a process as shown in Figure 18 (I and 11) which follows 
dissociative adsorption of the alkane on the metal 
surface.208 Additional interaction of hydrogen with the 
intermediate (11) was proposed to lead to adsorbed 
hydrogenolysis products (111). In Figure 18 (I) C1 and 
C2 are sp3 hybridized but C3 is sp2 hybridized and bound 
to the Pt surface via a double bond. Surface species I 
then rehybridizes at  C z  from sp3 to sp2, and a 7r system 
is formed that extends from C2 to C3 to the metal 
surface (11) (dotted lines). The probability that isom- 
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TABLE XVIII. Reaction of Neopentane and H, over a Pt Film2:' 
- _. _ _  __ ~ _ _ ~ _ _ _ _ _ _ _ _ _  

act iva t 1 on 
Qnergy, 

kcal mol 

product distribution, % 

log A CH, C,H, C,H, i-C,H,, n-C,H,, i -CsHI2 n-C,H,, conversion 
_____ 76 

Table XIX. Isomerization Products from Hexanes over Pt and Ni Films 
~ ~~ ____ 

initial C, products, mol % 

(CH,),CH- CH,CH,CH(CH,)- (CH,),CHCH(CH,),, (CH,),C- total 
metal wmp,  "C (CH,),CH, CH,CH, c-C6HlO, n-CbH14 CH,CH, c-C,H,CH, c-C6H12 C,H, convn, % 

PtQ 281 23.2 0 0.1 58.2 0 0 
Pt" 274  28.4 1 4 . 5  0 0 43.6 5.0 8.5 

Rib 2;:3 11.6 26.6 0 0 0 61.8 0.6 

_. 

Ptb  2 7 3  12.5 5.6 0 0 7 2.4 9.5c 3.3 

a Rc,f'eri>ncr 208. Reference 224. Cyclohexane + benzene. 

erization will occur via this mechanism is thought to be 
governed by the relative energy of I1 as compared with 
I. The bridged surface species I1 is stabilized by a 
partial electron transfer from the organic residue to the 
metal surface atom. The fact that platinum stands out 
among the transition metals in its selectivity for isom- 
erization can be used to support this mechanism. An 
isolated platinum atom has an electronegativity of 2.2, 
and an sp2-hybridized carbon atom has a value of 1.7. 
This difference is enough to cause a stabilization of the 
bridged structure and allow isomerization to proceed 
favorably. In contrast, nickel is much poorer for isom- 
erization of alkanes, and this may be due to the much 
lower electronegativity of isolated nickel atoms (1.8). 
In addition to the influence of the metal, the structure 
of the alkane plays a role in isomerization activity. The 
activity of isomerization on platinum films is neo- 
pentane > isobutane > n-butane. This is due, in part, 
to the influence of hyperconjugation in the methyl 
groups. 

In addition to the effect of the metal used and the 
alkane structure on isomerization activity, there is ev- 
idence that structural criteria of the metal surface may 
be important. Anderson and Avery showed that the 
rate of isobutane isomerization on platinum films was 
greatly enhanced when carried out on an epitaxially 
grown film exposing [ l l l ]  planes as compared with a 
polycrystalline film.221 Also, this enhancement was not 
observed when a [loo] surface was used. It was sug- 
gested that for isoalkane isomerization on platinum 
(111) surfaces a triadsorbed species is the intermediate. 

F -  a- 

This structure happens to fit very well on a triangular 
array of atoms in a Pt[l l l]  plane. The enhanced ac- 
tivity that results from such an intermediate is apparent 
from a statistical standpoint and by the extent to which 
electron removal from the ?r system of the bridged 
structure is facilitated. 

It must be noted that interpretation of initial product 
distributions from these isomerization reactions often 
requires the proposal of two or more consecutive bond 
shifts. This is illustrated in Table XVIII by the for- 
mation of n-pentane from neopentane.221 Since the 
products listed are initial distributions, it is assumed 

Table XX. (CH,),C*H(CH,),CH, + H, over Pt FilmsZaS 

initial distribution of "C labels (*)  
in Hexane products 

that they are the result of reactions occurring during 
a single visit to the surface. 

In 1976, Taylor and Clarke suggested that a different 
mechanism may be operating for isomerization of neo- 
pentane than for that of i ~ o b u t a n e . ~ ~ ~  This conclusion 
resulted from the observations that catalytic activity 
for isomerization of isobutane is general among tran- 
sition-metal films, with only Mn, Fe, and Co showing 
negligible activity. In contrast, neopentane isomeriza- 
tion only occurs to a large extent on platinum films. 
Platinum, therefore, stands out as unique in its activity 
in isomerization a t  quaternary carbon centers. While 
a 1,3-diadsorbed species may be a common intermediate 
to both reactions as discussed, it was also suggested that 
on platinum a carbenium ion type mechanism may 
operate since increased branching of the alkane in- 
creases the rate of isomerization. A carbenium ion type 
intermediate can be visualized as an extreme case of 
electron withdrawal by platinum from the hydrocarbon 
residue I1 of Figure 18. 

No support was given by Taylor and Clarke for a 
carbenium ion type mechanism other than the obser- 
vation of an increased reaction rate with increased al- 
kane branching. This dependence on alkane structure 
was not observed on any other metal employed. They 
did not think that this type of mechanism was likely; 
however, it  could not be ruled out. 

Higher alkanes, containing five or more carbons in 
a chain, can isomerize to products by way of a cyclic 
intermediate. This is apparent from Table XIX, which 
shows the formation of methylcyclopentane to be the 
major process in isomerization of n-hexane and 2- 
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y%’ 
Figure 19. Isomerization of hexanes via a carbocyclic mecha- 
nism.208 

methylpentane over Pt and Ni films. Normal hexane 
can cyclize to a six-membered ring, which it does to 
some extent, whereas the hexane isomers cannot di- 
rectly form c6 cyclic intermediates. It should be 
pointed out that the (26 products from the reaction of 
n-hexane and H2 over the nickel film shown in Table 
XX are minor products, with hydrogenolysis to CH4 
consisting of 70% of the total reaction products. The 
results, shown in Table XIX, indicate that carbocyclic 
intermediates consisting of four membered rings are 
unimportant and C5 carbocyclic intermediates are 
dominant. 

Products resulting from isomerization of hexanes via 
a carbocyclic mechanism can be visualized as in Figure 
19.208 It was suspected that the bond shift mechanism 
could be operating concomitantly with the carbocyclic 
mechanism. This was shown to be the case in 1969 by 
a study using isotopically labeled hexanes.208 The 
distribution of products from isomerization of 2 me- 
thylpentane-2-13C over platinum films as shown in 
Table XX confirms the hypothesis. In order to account 
for the products produced, combinations of bond shift 
and carbocyclic mechanisms were used. All of the 
products except 2-methylpentane-I-13C can be formed 
by two consecutive bond shifts only. However, since 
methylcyclopentane is a major product, cyclic inter- 
mediates are probably dominant. With two consecutive 
carbocyclic processes all but five of the products can 
be accounted for. A combination of bond shift- 
carbocyclic, or carbocyclic-bond shift can account for 
all of the products except 3-methylpentane-d3C which 
is minor and of doubtful existence. A few examples of 
these combination mechanisms are given in Figure 20. 
The major products 2-methylpentane-3-13C can be 
formed from a single carbocyclic intermediate formed 
by cyclization of the parent hexane. 

The relative contributions that the bond shift and 
carbocyclic processes make depends on the nature of 
the catalyst as well as hydrocarbon geometry.208 An- 
derson and co-workers observed in 1971 that ultrathin 
platinum films favored the formation of cyclic products 
and products resulting from carbocyclic intermediates 
rather than products formed by bond shift processes.225 
This was not the case for thick films. It was suggested 
that the presence of many surface metal atoms of low 
coordination on the smaller crystallites of ultrathin 
films facilitates the formation of adsorbed carbocyclic 
reaction intermediates. On the other hand, hydrogen- 
olysis and isomerization by a bond shift mechanism are 
not favored by low coordination atoms but require two 
adjacent Pt atoms which is favored by a [lll] face. It 
is interesting to note the contrast between this 1971 
hpothesis and the conclusions drawn concerning hy- 
drogenolysis on kinked step surfaces of single crystals 
as previously described. 

C1 eavage P o i n t  Products  A f t e r  Desorpt ion 

( 3 )  

(4) 

I I * 

Figure 20. Bond shift-carbocyclic combination mechanism for 
isomerization of 2-methylpentane-2W over a Pt film.208 (*) = 
13c. 

Differences in isomerization product distributions 
have been reported for platinum films as compared with 
supported platinum catalysts.m In 1966 it was reported 
that isomerization of n-hexane to 2,3-dimethylbutane 
occurred with a 25% yield over P t  films while only 
1-2% of this product was formed over a Pt/A1203 
catalyst. A study in 1969 employing UHV conditions 
revealed no 2,3-dimethylbutane formation. Anderson 
and Baker suggested that the large amount of 2,3-di- 
methylbutane observed in the original study was due 
to a contaminant affecting the properties of active 
sites.208 The role of contaminations, especially in the 
form of carbonaceous residues, on product formation 
of isomerization, cyclization, and hydrogenolysis reac- 
tions is very significant, yet poorly understood. The 
following discussion of hydrogenolysis reactions on 
metal films includes several examples of the influence 
of contamination on product distributions. 

The hydrogenolysis of ethane to form methane is the 
simplest reaction of a saturated hydrocarbon involving 
C-C bond cleavage. Kemball and co-workers reported 
activation energies of 222 kJ mol-’ for reaction 6 over 

Pd films at  683 K, 226 kJ mol-l over Pt films, and 239 
kJ mo1-l over Ni/Si02 catalysts.226 The close agreement 
of these activation energies (initial) indicates that the 
hydrogenolysis of ethane is rather structure insensitive. 

Chemisorption and hydrogenolysis of cyclopropane 
over nickel films were reported by Merta and  pone^.^^^ 
At  273 K cyclopropane underwent self-hydrogenation 
at  high coverages to yield propane. Some cracking to 
methane and ethane accompanied the self-hydrogena- 
tion. In the presence of H2 cyclopropane underwent 
selective hydrocracking to yield constant percentages 
of CH4 and C2H6 in the overall product mixture from 
195 to 500 K. Above 500 K CHI formation was favored 
over CzH6. The low temperature fragmentations were 
proposed to occur via a simultaneous splitting of two 
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TABLE XXI. 
Hydrogenolysis Reactions over Nickel Catalysts’”’ 

Kinetic Parameters for Some 

temp 
alkane catalyst EacP logAb range, C 

C,H, Ni film 58 35.8 
NiiKieselguhr 52 
Ni/A1,0, and 28-42 . 

NiiSiO, 
C3HB Ni film 31 26.4 
n-C,H,, Ni film 34 28.5 
i-C4Hv, Ni  film 30 26.8 
neo-C,H,, Ni  film 32 26.3 
neo-C,H,, Ni  film :‘. 2 5 

a kcal mol I ,  Molecules cm s ’ .  

254-273 
181-214 
175-33 5 

217-267 
188-209 
201-221 
222-265 
181-200 

bonds in the chemisorbed cyclopropane ring. Three 
competing processes were proposed: 

c-C& + H2 - C3H8 (hydrogenation) 

c-C3HG + H2 - CH, f C2H6 (hydrocracking) 

c-C3H6 + H2 - 3CH4 (nonselective hydrocracking) 

It has been shown that the fraction of CH4 in the 
product mixture from propane hydrogenolysis over 
nickel films increases linearly with increasing reaction 
temperature from 475 to 550 KaZo3 

After studying data from hydrogenolysis reactions 
over various films and supported catalysts, Anderson 
and Baker arrived at the conclusion that it is probable 
that extensive dehydrogenative adsorption will readily 
occur on clean metal surfaces, leading to extensive 
fragmentation. This extensive fragmentation causes 
methane to be the major cleavage product and also 
produces strongly adsorbed residues which can act as 
a poison. Kemball and co-workers observed a decel- 
erating rate for hydrogenolysis of alkanes with more 
than four carbons.226 In this case Pd films were used, 
and it was suspected that the hydrogenolysis of 
branched alkanes occurred by a carbenium ion type of 
mechanism. The poisoning was attributed to dimeric 
or polymeric olefinic material, formed by the carbenium 
ion species, which blocks active sites. It is not unlikely 
that the same type of residues can be formed by a radial 
type of mechanism as mentioned for olefin chemisorp- 
tion. 

Anderson and Baker have compiled kinetic parame- 
ters for hydrogenolysis reactions of alkanes on metal 
films and some supported metal catalysts.208 Data for 
hydrogenolysis reactions over nickel catalysts are sum- 
marized in Table XXI. 

It can be seen from Table XXI that there is a wide 
variation in activation energies for ethane hydrogen- 
olysis on various types of nickel catalysts. The lowest 
value of 28 kcal mol-’ was obtained for a 1% Ni sup- 
ported catalyst, the lowest metal concentration studied. 
The Ni/kieselguhr catalyst contained 15 wt % Ni. 
These variations are probably due in part to the vari- 
ation of electronic as well as structural properties of the 
metal surface with particle size.208 Anderson and Baker 
believe that the variations in activities are mainly due 
to the effect of the chemical composition of the catalyst 
surface. It was further noted that clean metal films are 
very easily self-poisoned while supported metal catalysts 
are much less susceptible. These authors concluded, 
without supporting data, that the initial surfaces of 

most supported metal catalysts are not clean as com- 
pared with metal films. 

From Table XXI it is also apparent that hydrogen- 
olysis of ethane is more difficult, energetically, than that 
of higher aliphatics. Mechanistic implications arise 
from these results. If a 1,2-diadsorbed species is a 
common intermediate for C2 and >C2 alkane hydro- 
genolysis, differences in activation energies should be 
small. Instead, ethane hydrogenolysis has a much 
higher activation energy. A 1,3-diadsorbed intermediate 
as illustrated for neopentane in Figure 18 is likely to 
occur for alkanes greater than two carbons. In fact 
neopentane cannot adsorb by a 1,2-diadsorbed species. 
The high activation energy for ethane hydrogenolysis 
shows that 1,2-diadsorption can occur, although it has 
a higher energy requirement. Hydrogenolysis of cy- 
clopentane occurs readily even though a 1,3-diadsorp- 
tion mode is sterically unlikely. It has been suggested 
that a-allylic type of adsorption may be important in 
such cases.2o8 Therefore, three bonding modes may be 
competitive in the adsorption of nonquaternary alkanes 
larger than ethane: (1) a 1,2-diadsorbed intermediate, 
(2) a 1,3-diadsorbed intermediate, and (3) a a-allylic 
intermediate. Since extensive fragmentation to meth- 
ane results from hydrogenolysis of alkanes over nickel 
catalysts, it is likely that more than one of the above 
processes occurs to form the observed products. There 
is convincing evidence from deuterium exchange studies 
that extensively dehydrogenated species are formed on 
Ni and Rh films. The 1,2-diadsorption mode is a most 
likely intermediate in the formation of such dehydro- 
genated species. These extensively dehydrogenated 
species favor C-C bond cleavage since they are strongly 
bound to the surface. The result is a large amount of 
methane formation. 

Twenty years ago Anderson and Baker indicated that 
1,2- and 1,3-diadsorption processes can occur.228 From 
product distributions of neohexane hydrogenolysis over 
various metal films two processes were observed as 
shown in reactions 7a and 7b. The importance of re- 

C 
C 

+c-c - ‘c-c + c-c t7a)  
I -7 C’ 
C 

C C 

(7b) ,-L+ - c-c-c I + c 

C C 

action 7a on the metals studied was in the order Pt > 
W >> Ni > Rh. Over Rh reaction 7b predominated. 
This is in agreement with later observations of extensive 
fragmentation, presumably through 1,2-diadsorbed in- 
termediates, of alkanes over Rh and Ni as mentioned. 
This work was supported by Yoneda and c o - w o r k e r ~ . ~ ~ ~  

It is not clear at  this time what the rate-controlling 
step(s) is (are) for hydrogenolysis reactions. It may be 
the adsorption of the alkane (in competition with hy- 
drogen adsorption), the rate of C-C bond rupture, or 
the rate of cleavage product desorption. Due to the 
complexity of these reactions many mechanisms have 
been proposed, all of which may be valid under different 
circumstances. A very recent study of ethane hydro- 
genolysis on a nickel catalyst summarizes the mecha- 
nistic beliefs of the leaders in this field.230 It should be 
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emphasized, however, that it is very dangerous to place 
much faith in the identification of the rate-controlling 
step! 

C. Metal Powders 

Metal powders have been used to a much lesser ex- 
tent than metal films in the elucidation of mechanisms 
of catalytic processes. Catalytic studies of a particular 
reaction such as alkane hydrogenolysis often employ 
various supported catalysts as well as the pure metal 
powders. The use of the pure metal powders is gen- 
erally included to provide an indication of the role of 
the metal in the catalytic process when dual function- 
ality of the metal and support is suspected. Supported 
catalysts are used when effects of high metallic dis- 
persion or small metal particle size are to be deter- 
mined. Metal films prepared under UHV conditions 
are very easily poisoned or contaminated during their 
initial use. Metal powders, however, are not quite as 
easily poisoned initially. This may be due to two fac- 
tors: (1) they are never as clean originally as metal 
films,201 or (2) they are more slowly contaminated due 
to their porosity which causes a retarded Knudsen 
diffusion of contaminant molecules.231 Since the metal 
particles in powders are easily able to make contact with 
each other, once contamination or poisoning occurs it 
is often irreversible since conditions necessary to remove 
the contaminants may lead to coalescence or sintering. 

Hayward pointed out that the earliest chemisorption 
studies in metal surfaces were performed in the mid- 
19209.13 Conclusions drawn from these early studies are 
very questionable due to the unknown factor of degree 
of contamination. Although quantitative data on heats 
of adsorption of molecules on metal powders is difficult 
to reproduce, qualitative and semiqualitative conclu- 
sions can be obtained. The main advantage that metal 
powders have over single crystals and films is their 
much larger surface areas. The relatively large surface 
areas of metal powders (0.1-20 m2/g) enable much 
larger amounts of reactants or higher pressures to be 
used. This reduces the importance of adsorption on 
reactor walls, electrodes, and other interfering surfaces 
in the reaction vessel. The large surface areas of pow- 
ders enable large amounts of reaction products to be 
formed and thus eliminate the need for highly sensitive 
detection equipment, such as mass spectrometers, which 
are needed in thin film studies. Powders can easily be 
transferred from one system to another, such as a BET 
surface area apparatus or to a batch or flow reactor. 
This manipulation is not readily performed with thin 
films. Therefore, studies of metal powders can be used 
in systems much more closely resembling those utilized 
in industry than can metal films. A review of catalytic 
studies performed during the last 20 years utilizing 
metal powders will be discussed with primary emphasis 
on their poisoning by carbonaceous deposits. 

The methanation reaction (eq 8) was studied in 1967 
over Pt, Rh, Ir, and Ru unsupported metals at reaction 
temperatures of 100-200 0C,232 The catalysts employed 

3Hz + CO CH4 + H20 (8) 

had surface areas of 20-50 m2 g-l. It was found that the 
order of decreasing specific activity for this reaction was 
Ru >> Rh, Ir > Pt, Pd. It was pointed out that Ni was 
also a very active methanation catalyst. 
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Ethylene decomposition on the surfaces of nickel 
powders was reported in 1967 by M c K ~ ~ . ~ ~  High-purity 
carbonyl powders were used in these catalytic decom- 
positions which were carried out at -30 to 200 "C. 
Below 60 "C ethane and hydrogen were produced and 
released to the gas phase. About 10% ethane was 
formed in 4 h at -30 "C. This self-hydrogenation of 
ethylene occurred at a measurable rate even at -78 "C. 
At these low temperatures no CB, higher hydrocarbons, 
or polymerization products were detected. Adsorbed 
carbonaceous residues were left on the surface, the 
composition of which varied with temperature. At 0 "C 
the residue had an average composition of (CHI.&. At 
200 "C the average composition corresponded to (OZ. 
Above 60 "C CHI appeared in the gas phase, the 
amount of which increased rapidly with temperature. 
A later report by McKee indicated that cracking 
products from ethylene on nickel powders did not ap- 
pear until 105 0C.233 However, chemisorption a t  lower 
temperatures was rapid and irreversible. Cracking 
products from propane adsorption first appeared at 65 
"C, a much lower temperature than that of ethylene or 
ethane. Ethane cracking products were first observed 
at 95 "C. Methane was evolved at higher temperatures 
such that there was a zero order dependence on propane 
pressure. 

Similar results were obtained for propane cracking 
over platinum b1a~ks.l~ However, the specific activity 
of platinum was much less than that of nickel. Both 
the platinum blacks and nickel powders were easily 
sintered a t  temperatures above 100 "C. By comparing 
surface areas determined by N2 adsorption and propane 
monolayer values, it was shown that loss of activity was 
due to the elimination of active sites rather than a 
"molecular sieve" effect. Poisoning of the catalysts by 
carbonaceous deposits also reduced the activity of the 
powders. These residues were not desorbed by evacu- 
ation at the reaction temperature but required reduc- 
tion with hydrogen at 150 "C or above for several hours 
to regenerate the activity. The activity was not com- 
pletely regenerated, due to sintering. A mechanistic 
investigation of ethane hydrogenolysis was reported in 
1974.234 A review of data obtained by several workers 
for hydrogenolysis and deuterium exchange of ethane 
over Ni, Ru, Rh, Co, Re, Fe, Cu, Pt, Pd, and W both 
supported and unsupported was compiled and analyzed. 
The reaction scheme shown in reaction 9 was obtained. 

C2H6 $ C2H6ads t Hods e C2Hxods t ( 3 - f i H 2  

/ ( 31  

adsorbed C1 fragments e CH4,,, (9) 

These workers proposed that the rate-determining step 
for ethane hydrogenolysis is the formation of gaseous 
methane (step 4). The reaction over nickel powder was 
investigated in the temperature range 174-328 "C. 

An interesting study of the effect of macroscopic 
aggregation of palladium blacks on surface area and 
catalytic activity of olefin isomerization/hydrogenation 
was reported by Sermon in 1975.33 Sermon proposed 
a theoretical model for the aggregation of particles in 
Pd blacks in which loss of surface area due to aggre- 
gation was attributed to a close packing of particles. 
Surface area decreases with (1) an increase in inter- 
particle contacts, (2) a decrease in particle size, and (3) 
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TABLE XXII.  Products of Hydrogenation of Butadiene 
in 95% Ethan01*’~ 

Davis and Klabunde 

products, % 

temp, 1 ra 12 s - 2 - cis- 2- 
catalyst C 1-butene butene butene 

Pt - 1 2  72.1 18.4 9 .5  
Pd -12  48.5 40.1 11.4 
PdIBaSO, -8 6.0 75.0 19.0 
Ranev Ni 28 21.5 61 0 17.5 

an increase in size of adsorbate molecules on the sur- 
face. Loss of surface area which occurred following 
reduction of air-exposed samples was due not to sin- 
tering but to rather close packing of macroscopic ag- 
gregates with an average of 12 interparticle contacts per 
particle. The model was supported by experimental 
investigations of the titration of preadsorbed hydrogen 
with 1-pentene. Formation of pentane was taken as an 
indication of the availability of adsorbed hydrogen on 
the catalysts. When samples of widely varying degrees 
of aggregation were used, it was shown that the avail- 
ability of adsorbed hydrogen was nearly the same. The 
only effect of aggregation is a decrease in the specific 
surface area available for adsorption. The isomerization 
and hydrogenation of the alkene were not affected by 
aggregation or particle size. Upon addition of 1-pentene 
to Pd blacks containing adsorbed hydrogen, pentane is 
produced first. As the adsorbed hydrogen is consumed, 
cis- and trans-2-pentene appear. Once nearly all of the 
adsorbed hydrogen is consumed (no pentane product 
formed), 1-pentene appears as the sole product. It 
seems that a low concentration of adsorbed hydrogen 
favors the isomerization reaction. The possibility of 
poisoning by carbonaceous deposits was not indicated. 

A study of isomerization and hydrogenation of 1,3- 
butadiene was reported in 1947.219 It was shown that 
during hydrogenation of the diene over Pd, Pt, or Ni 
powders monoolefin intermediates were formed by di- 
hydro-addition. The composition of the monoolefin 
product mixture obtained was strongly dependent upon 
the catalyst employed, as shown in Table XXII. It was 
found that two simultaneous hydrogenation reactions 
could occur. The first is the formation of butane by 
hydrogenation of 1,3-butadiene in one step. The second 
reaction involves the hydrogenation of the diene to 
butene products. Hydrogenation of the butenes was 
found to be very slow in the presence of butadiene, due 
to the selective adsorption of butadiene over the mo- 
noolefins. Isomerization of the butenes on the catalysts 
was observed only in the presence of adsorbed hydro- 
gen. In the absence of hydrogen 1-butene did not 
isomerize over Pd/BaS04 after 24 h. This was sug- 
gested to support the following mechanism for butene 
isomerization: 

+Hods  
- b L t ? r a  ;-“ CH~--CH~--C-I--C~~Z 

1 ’ -  

- H o d .  I /  

p41 Y 

-* 
CHz-CHz-Cll-Ch, e IY3CY-CcY-CY3 e c h t e r e  

’\I M 

As was mentioned in a previous section, many reac- 
tions seem to be unaffected by particle size changes 
other than a single reduction or increase in available 
surface area. Boudart was the first to point this 

TABLE XXIII. 
Various Group 8B Metal Powders” 

Reaction of n-Heptane t H, over 

temp, 
metal ‘C ratea 

Pd 300 0.010 
Rh 1 1 3  0.010 
Ru 88 0.010 
Pt 275 0.010 
Ir 1 2 5  0.010 

% % % 
hydro- isom- dehydro- 
genol- eriza- cycliza- 
ysis tion tion 

5.8 0.5 0.2 
2.7 0.2 
3.7 0.3 
8.0 10.0 3.4 
1.3 0.2 

total 
convn, 

% 

6.4 
2.9 
4.0 

21.4 
1 . 5  

a mol of n-heptane h- ’  g- ’  of catalyst. 

He showed that certain reactions (demanding) were 
highly sensitive to catalyst preparation conditions and 
particle size while others (facile) were not. It was shown 
that the selectivity for the reaction of neopentane to 
isopentane over the hydrogenolysis pathway is a “very 
sensitive probe of special surface configurations”. Se- 
lectivity was defined as the ratio of isomerization rate 
to hydrogenolysis rate for the pathways shown in re- 
action 10, that is, s = rate a/rate b. It was suggested 

h 
n 3 C  I 

that the isomerization was favored by the presence of 
Pt atom triplets (sites for triadsorbed species) such as 
occur on (111) faces and at  point defects, edges, and 
steps on Pt surfaces. The highest values of selectivity2 
were measured for Pt powders (compared with sup- 
ported Pt catalysts). The explanation advanced for this 
observation was that a “roughening” of the metal sur- 
face in such powder produces a high surface concen- 
tration of triplets. These proposals assumed that a 
triadsorption of neopentane was necessary for isomer- 
ization, in contrast to conclusions obtained from metal 
film studies. It was also found that cleaning Pt powders 
by H2/02/H2 cycles at 500 “C led to a large increase in 
catalytic activity without a change in selectivity. It was 
therefore concluded that the reaction was contamina- 
tion insensitive. This can be compared to the results 
of overlayer sensitivity of reactions on Pt single crystals 
reported by Somorjai.206 

Carter, Sinfelt, and Cusamano reported a study of 
n-heptane hydrogenolysis over several group 8B metal 
powders.lg Table XXIII lists the general activity and 
selectivity results from the studies, and Table XXIV 
lists the product distributions for the hydrogenolysis 
reaction. A wide range of reaction temperatures was 
used due to the wide variation in activities. Tempera- 
tures were used such as to give the same initial reaction 
rates for all metals. From these tables the order of 
activity for hydrogenolysis of n-heptane is seen to be 
Pd < Pt << Rh < Ir < Ru. A wide variation in product 
distributions can be seen over the various metals (Table 
XXIV). It can be seen that Pd and Rh crack terminal 
C-C bonds almost exclusively while other metals exhibit 
much less selective cracking. As found in metal film 
studies Pt stands out in its ability for isomerization 
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TABLE XXIV. Distribution of Products from Hydrogenolysis of n-HeptaneI9 

mol % product distribution (alkanes) 

metal temp, "C total convn, % C, c, c3 n-C, n-C n-C, 
Pd 300 6.4 46  
Rh 113 2.9 4 2  
Ru 88 4.0 28 
Pt 275 2.3 31 
Ir 125 1 .5  21 

4 
5 

1 2  
1 3  
21 

4 46  
4 3 5 41 

13 12  10 25 
17 16 9 14 
15  14 14 15 
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Figure 21. Correlations of % d character vs. periodic group 
number and rate of n-heptane hydrogenolysis vs. periodic group 
number.lg 

(Table XXIII). Smooth correlations were made be- 
tween % d character of the metallic bond vs. periodic 
group number and reaction rate vs. periodic group 
number as shown in Figure 21. This type of correlation 
was observed for ethane hydrogenolysis by Carter and 
SinfeltB5 and for hydrogenation of ethylene over metal 
films as described earlier.213 It can be seen that the rate 
of hydrogenolysis of n-heptane decreases as the % d 
character of the metallic bond decreases. The selective 
terminal C-C bond cracking exhibited by Pd and Rh 
(Table XXIV) may be explained by assuming a 1,3- 
diadsorbed intermediate, as discussed in the metal film 
section, if it is further assumed that the C-C bond ad- 
jacent to a M=C bond is preferentially cleaved, such 
as 

C C4H9 / C \C/C4H9 

/ 'c/ vs. c 
I I1 

M M M M 

1 2 

where structure 1 represents the surface species on Pd 
and Rh.19 It was suggested that metals such as Pt and 
Ir can readily undergo changes in valency of surface 
atoms that would readily allow a shift of the metal- 
carbon double bond from a terminal carbon to other 
carbon atoms in the hydrocarbon chain. The easy shift 
of surface valencies in Pt and Ir is believed to be a result 
of easy promotion of d electrons to empty s levels. 
Support for this hypothesis was weak. It was pointed 
out that Au behaved similarly to Pt and Ir in its ability 
to isomerize neopentane to isopentane. This process 
was thought to be related to changes in surface valencies 

Figure 22. Surface species proposed for n-pentane hydrogenolysis 
on Ni 

occurring on these metals. Gold surfaces were observed 
by LEED to undergo surface rearrangements which 
would result in valency changes. Therefore, extrapo- 
lation of surface valency changes observed in gold 
studies was made to Pt and Ir to explain their similar 
isomerization abilities. Better support was provided by 
Carter and Sinfelt in a reference to studies made by 
Rhodin and co-workers. Carter and Sinfelt pointed out 
that Rhodin's FIM studies of the binding of metal at- 
oms to tungsten crystals provided evidence for variable 
surface valency for Pt and Ir. The behavior of Rh and 
Pd was suggested to be related to their lack of abilities 
to undergo surface valency changes. 

Nickel also prefers to cleave terminal C-C bonds of 
paraffins as pointed out by Taheri and Ollis in 1976.236 
These authors proposed triadsorbed surface structures 
as intermediates in n-pentane hydrogenolysis based on 
kinetic parameters. This intermediate, shown in Figure 
22, was proposed to account for the easy degradation 
of n-butane, formed by terminal C-C cleavage of n- 
pentane, to propane and lower homologues. 

The highly dehydrogenated state of the intermediate 
was proposed in light of an evaluation of kinetic pa- 
rameters which yielded a value of x,, = 5 for the 
surface species (C5HX)*& (cf. Figure 22). This slow step 
in the reaction was proposed to  be 

CBHx(ads) - CHy(add + C4Hz(ads) 

Surface species on Pt powders were found to be less 
dehydrogenated (X- = 6) than those on Ni. A general 
observation in these studies of higher paraffin hydro- 
genolysis is that the rate has a negative hydrogen order 
and a positive paraffin order. 

Further evidence that multiply bonded surface 
species are easily formed during hydrogenolysis of pa- 
raffins on certain metal powders was presented in 
1977.21 After a study of Cz, C4, and C5 alkane hydro- 
genolysis, isomerization, and deuterium exchange re- 
actions over Ru, Rh, Ir, and Ni blacks, it was concluded 
that surface transformations of hydrocarbons into 
strongly multiply bonded species easily takes place. 
Furthermore it seemed that product desorption was rate 
determining. It was shown that Ru, Rh, and Ir blacks 
were 104-103 times more active than Co or Ni for hy- 
drogenolysis of ethane and n-butane. As was observed 
for other hydrogenolysis reactions over Ni, these studies 
revealed an increase in methane formation with an in- 
crease in temperature. Irreversibly bonded residues 
remained on the blacks used for these reactions. The 
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TABLE XXV,  Reactions of 3-Methylpentane and Methylcyclopentane over Various Metals"? * 
- . . . __ _________._ __ 

3-MP MCP 

CO" -57 3 
NI" 543 
RuU 51 3 
Rub 54 3 
Rh * 51 3 
R h b  453 
Pd* 588 
Pd ?I 63 8 
Re' 633 
Re(' 57 3 
OS" 51 3 
IT'' 54 3 
1, h 368 
Pt f )  603 

a Commercial powdei 
sy m bo 1s 

1107 3.99 0 3060 4.98 130  1.9 
463 3 .13  0 380 3.11 120  2.8 
54 5 3.76 0 1070 3.82 1 3 0  0.2 
544 3.51 3.3 - 2  520 3.46 40 1 . 7  
591 1.86 34 7 5  2 655  1.6 

1100 1.80 0 550 1.78 6600 6 .5  
81 3 2.01 578 6.5 
610 2.08 1080 3.4 280 2.48 1630 2.9 
80 5 3.16 0 690 3.37 120 0 
782 3.35 0 1070 3.12 110 0 
455 5.91 0 2070 5.97 90  0.5 

1000 1 .92  410 6.4 1000 1.81 5900 5.7 
1060 1.76 430 1300 1.70 23600 32.4 

482 1 .89  24 20 5.7 320 2.14 9600 9.8 

Precipitated black. C, molecules reacted per m2 of metal. See text for explanation of 

species that remained on the metal surfaces after heat 
treatment at 673 K for 2 h could only be removed to 
an extent of about 5-1076 by hydrogenation. This 
suggested that there was formation of a "superficial 
graphite-like carbon". Very rough calculations of the 
composition of the carbonaceous residue on Ni black 
from C2H6 and CHI decomposition yielded the following 
values for the species (CHr)ads: C2H6 at  234 "C, x = 
0.36; CH4 at  255 "C, x = 0.53; CHI at  128 "C, x = 0.87. 
These general results illustrate that dehydrogenation 
of surface residues is more extensive at  higher tem- 
peratures. 

An extensive investigation of hydrogenolysis of 3- 
methylpentane and methylcyclopentane over many 
unsupported transition-metal powders was reported by 
Paal and TBtBnyi in 1977.237 These authors studied a 
wide variety of commercial metal powders and precip- 
itated blacks and classified them according to their 
selectivity for hydrogenolysis. Table XXV shows some 
of their results. The data in Table XXV are related to 
temperatures (7) at  which nearly equal rates of 3- 
methylpentane (3-MP) hydrogenolysis were obtained. 
The activity for hydrogenolysis is inversely proportional 
to the T values. These authors state that the difference 
in crystallite sizes of "powders" and "blacks" are re- 
flected in the higher T values of the former. The data 
do not support that conclusion. The depth of hydro- 
genolysis is indicated by a fragmentation factor F,  which 
is defined as the number of fragment molecules pro- 
duced per molecule of hydrocarbon hydrogenolyzed. It 
can be seen that the value of F appears to be inde- 
pendent of the hydrocarbon structure, the nature of the 
metal (powder or black), or the actual 7 values for a 
given conversion. The formation of C6 alkane isomer 
products is characterized by the ratio of the isomers 
2-methylpentane (2-MP) to n-hexane (n-H). 

F values near 2 indicate that single bond rupture of 
the hydrocarbon predominates while values greater 
than 2 indicate multiple cracking. When these values 
are used as criteria for classifications the metals studied 
can be grouped into two categories: group A-Rh, Pd, 
Ir, Pt (F  - 2); group B-Co, Ni, Ru, Re, Os (F - 3-6). 
Group A is characterized by hydrogenolysis reactions 
involving only a single C-C bond cleavage of the reac- 
tant hydrocarbon. Group B is characterized by multiple 
C-C hond cleavage leading to extensive fragmentation 

of the reactant hydrocarbon. In this latter group c6 
alkanes represent a minor portion of the product mix- 
ture. The high values for the amount of c6 isomer 
products from the 3-MP reaction over platinum reflect 
the high selectivity for isomerization so often observed 
for this metal. The group A metals also show very high 
activities for ring-opening reactions as indicated by the 
very high values of c6 isomer amounts for methyl- 
cyclopentane (MCP) compared with that from the 3- 
MP reactions. It was suggested that flatly chemisorbed 
C5 cyclic intermediates are important for reactions over 
the group A metals. 

D. Supported Metals 

In this subsection discussions are limited to interac- 
tions and reactions on supported metal catalysts in 
which no dual functionality of metal and support is 
indicated. Primary emphasis is placed on the effect of 
the variation of dispersion and, hence, particle sizes on 
reactivities and mechanisms of surface reactions. The 
nature and properties of carbonaceous surface species 
on metal particles are also stressed. Reactions involving 
C-C bond cleavage make up the bulk of this section. 
Miscellaneous reactions and adsorption studies on 
supported metal surface are presented first. 

An early report concerning the effect of special sur- 
face structural features of metal particles on adsorption 
properties appeared in the literature in 1966.23s Prior 
to 1966 it was shown that N2 does not adsorb, chemi- 
cally or physically, or nickel a t  room temperature. 
However, in 1966 an infrared active adsorbed nitrogen 
species was observed on Ni, Pd, and Pt supported on 
S O z  and A1,0, at room temperature. When electron 
microscopy was used in conjunction with infrared 
spectroscopy, it was shown that this IR active N2 species 
was formed only on metal crystallites between - 15 and 
-70 A in diameter. The presence of the adsorbed 
species was dependent only on crystallite size, the na- 
ture of the metal having no effect. By use of models 
(marbles and mathematical) it  was shown that Nz ad- 
sorption occurred only at  special sites in which five 
nearest neighbors existed. These sites of five nearest 
neighbors were termed B, sites, as shown in Figures 23 
and 24. Since the appearance of the IR active species 
was not dependent upon the metal used, it was assumed 
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TABLE XXVI. Products Obtained by Pulsing H, over 7% 
Ni/SiO, Pretreated with CO at 300 “Cm 

W 
( 1 ’ 1 )  Surface  

S i t e  

[ l o o ]  Surface 

Figure 23. Adsorption sites on various metal surfaces.238 

Figure 24. Cross sectional side view of N2 in a B, site.238 

that the adsorption was purely physical in nature. This 
report was the first attempt a t  relating a directly ob- 
servable parameter (IR adsorption activity) to a specific 
structural feature of a small metal particle. It was 
concluded that N2 adsorption must occur at a B5 site 
and, conversely, if N2 adsorption produces an IR active 
species, then B5 sites are present. 

Adsorption of CO on supported metal surfaces has 
been studied in depth due to its importance in metha- 
nation reactions. Recent studies have been directed 
toward determining the role of surface carbon in the 
catalytic methanation r e a c t i ~ n : ~ ~ ~ ~ ~ ~ ~  

CO + 3H2 ---+ CH4 + H2O 

Results of such studies have revealed that CO adsorbs 
nondissociatively a t  temperatures below about 500 K 
on Ni/A1203 and on single nickel surfaces. This non- 
dissociated adsorbed CO is inert to H2. However, at 
temperatures above about 500 K CO adsorbs dissocia- 
tively, forming adsorbed carbon in forms dependent 
upon the temperature. This is shown in reaction 11. 

(11) 

This disproportionation reaction produces C02 in the 
gas phase. At temperatures in which reaction 11 occurs, 
an active carbon species is formed that will readily react 
with hydrogen to form methane or higher homologues. 
At higher temperatures (e.g., 700 K) the active carbon 
is converted to a nonreactive form (presumably gra- 
phitic in nature). The current mechanism for metha- 
nation is believed to be the same as originally proposed 
by Fischer over 40 years ago. This mechanism is 
thought to proceed as follows: 

2CO + c,,, + CO,(,, 

2M (Ni, Co, Ru) + CO - M-C + M-0 

M-0 + H2 - M + H20 

M-0 + CO -* M + C02 

M-C + H2 - M + CH4 (or homologues) 

The active carbon, once formed, is reactive to hydrogen 
even at room temperature. An example of products 
obtained by the reaction between the active carbon and 
H2 is shown in Table XXVI.240 At higher temperatures 
than those shown in Table XXVI there is a greater 
fraction of CH4 in the product mixture. 

pulse carbon efficiencies,b % teomp, convn,u 
C ?6 CH, C*H, C,H* C A ,  C,Hn 
23 3.5 4 2  46 11 1 
80 9 72  16.5 7.5 4 trace 

115 12  69.7 19.5 8.6 2 .2  
a Fraction of surface layer converted to hydrocarbons. 
Calculated by multiplying moles of each product by 

number of carbons in that product. 

TABLE XXVII. Observed Bond Numbers for Adsorption 
of Hydrocarbons on Ni/SiO, Compared with Bond 
Numbers Corresponding to Complete Crackinga2 

hydrocarbon N d d  Nobd T,, “C 
methane 
ethane 
propane 
butane 
ethylene 
propene 
1-butene 
2-butene 
acetylene 
cyclohexane 
benzene 

7 
12 
17 
22 
10 
12 
20 
20 
8 

30 
24 

6.9 
12.5 
18.0 
18.5 
10.2 
14.5 
17.0 
18.0 

7.8 
30.0 
25.0 

300 
50 
90 

100 
75 
90 

125 
150 
150 
210 
160 

A study of the exchange reaction between CH, and 
DZO on Ni/ kieselguhr was reported in the early litera- 
ture (1955).2’4 Compared with CH4/D2 exchange, 
CH4/D20 exchange is very slow. 

14.5% C-D conversion 
Ni 

CH, + D2 
l h  

Ni 
CHI + D 2 0  9% C-D conversion 

11 h 

The slow reaction of CH4 with D20 was attributed to 
the strong adsorption of water vapor on the nickel 
surface, leaving little free surface for the activated ad- 
sorption of CH,. No studies of the interaction of D20 
vapor with active carbon species on metal surfaces have 
been reported. 

Adsorption of hydrocarbons on Ni/ Si02 catalysts was 
reported in 1974 by Martin and Imelik.242 By use of 
high-field magnetic measurements to monitor changes 
in the saturation magnetization of nickel upon hydro- 
carbon, adsorption information was obtained concerning 
the extent of dissociation of the adsorbed hydrocarbons. 
The slope of a magnetization vs. adsorbed volume plot 
is proportional to the number of single covalent bonds 
to the metal surface from the adsorbate. With this 
approach it was shown that, at low coverages, on “clean” 
metal surfaces (Ni), alkanes, alkenes, cycloalkanes, and 
benzene are strongly dehydrogenated upon adsorption. 
Sudden changes in the magnetization isotherms upon 
increasing the temperature of a hydrocarbon adsorbed 
on Ni/Si02 were attributed to cracking of the adsorbate. 
The temperature at which the cracking occurred is T,, 
and values are shown in Table XXVII. Analysis of the 
data reveals that T, alkane C T, alkene < T, alkyne for 
hydrocarbons containing the same number of carbon 
atoms. Also shown in Table XXVII are the bond 
numbers N observed and calculated with the assump- 
tion of complete cracking, as in reaction 12. It is im- 

C,H, + 3(n + y)Ni - xNi3C + yNiH (12) 
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TABLE XXVIII. 
Activity of Rh Catalysts for  Ethane Hydrogenolysis* 

Effect of Particle Size on  Specific 

Davis and Klabunde 

crystallite 
Rh conc,a wt  % size, A spec act.6 

100 (unsupported) 2560 0.79 
1 0 23 13.5 

1 20 12 .2  

1 12 16.0 
0.3  11 1 . 3  
0.1 11 4.4 

5 (sintered at 800 " C  j 127 0.41 

a Supported on SiO,. Mmol of ethane converted h-'  
m-*  of Rh at  253  "C. 
pressure = 0.030 atm. 

H, pressure = 0.20 atm, ethane 

portant to note that these observations were made on 
initially "clean" nickel surfaces after only partial cov- 
erage by the adsorbate. Therefore, these data indicate 
interactions that occur between the hydrocarbons and 
the most energetic sites of the nickel surface. 

Early studies of hydrogenolysis reactions on sup- 
ported nickel catalysts were limited to ethane and 
propane.243-245 Studies of hydrogenolysis of ethane on 
Ni/kieselguhr catalysts showed that in the presence of 
excess hydrogen, ethane undergoes dissociation to ad- 
sorbed methyl groups that are converted to methane. 
Without enough hydrogen, further dissociation occurs 
with the formation of CH2, CH, and ultimately ad- 
sorbed C. Adsorbed atomic hydrogen is simultaneously 
formed. It was further indicated that C-C bond 
breakage is the slow reaction while an equilibrium be- 
tween methane, adsorbed methyl, and methylene 
groups, etc., on the surface is quickly established. Ac- 
tivation energies for C-C and C-H bond cleavages on 
nickel were calculated as - 19 and - 15 kcal, respec- 
tively. 

Later studies of ethane hydrogenolysis on supported 
Ni and Rh catalysts revealed a particle size effect on 
the catalytic activity of a given meta1.246,247 The first 
report of a particle size effect on catalytic activity for 
hydrogenolysis over supported nickel (Si02 and A1203) 
was an observation that catalytic activity per unit 
surface area of nickel decreased with an increase in 
crystallite size. Studies of ethane hydrogenolysis over 
Rh/Si02 catalysts revealed that there is an optimum 
crystallite size associated with a maximum activity. 
This optimum size is of an intermediate value, with 
smaller and larger sized crystallites having lower specific 
activities. Table XXVIII illustrates these particle size 
effects. In these studies extensive dehydrogenation of 
ethane upon chemisorption was indicated for Rh as well 
as Ni. 

In contrast to the above sensitivity of catalytic ac- 
tivity on particle size, Boudart and co-workers showed 
that hydrogenolysis of cyclopropane over supported Pt 
catalysts was insensitive to particle size changes.lU This 
insensitivity of a reaction to particle size variations led 
Boudart to term such reactions as "facile". Facile re- 
actions are those for which the majority of sites on the 
catalyst surface possess ample activity such that surface 
heterogeneity is not noticed. The insensitivity to dis- 
persion of cyclopropane hydrogenolysis over Pt at 0 O C  

is illustrated in Table XXIX. 
While mechanistic studies of ethane hydrogenolysis 

on supported metals are still being pursued (e.g., see 
ref 230), many recent studies have been concerned with 
higher aliphatic hydrocarbons. Hydrogenolysis of n- 

TABLE XXIX. Specific Activity of R Catalysts of 
Various Dispersions for Cyclopropane 
Hydrogenation at  0 OC90 

spec dispersion,b 
wt % Pt on  support act.a % 

0.3% on  q-alumina 8.1 44 
0.3% on 7-alumina 7.4 59 
0.6% on  7-alumina 5.6 73  
1.96% on  q-alumina 6.6 64 

a Activity/specific area; activity = pmol of cyclopropane 
reacted min-' g-' of sample; specific area = pmol of H, g-' 
of sample. Dispersion = [(number of Pt atoms titrated 
by H,)/(total number of Pt atoms in sample)] X 100%. 

A 
v b  

Figure 25. Positions of cleavage of MCP. 

pentane over various metals supported on silica was 
studied over 20 years By comparison of specific 
activities for the reaction over various transition metals 
the following sequence of decreasing activity was ob- 
tained: Ru > Rh > Pt > Ni > Co > Ir > Pd - Fe. 
This sequence is in agreement with the previously de- 
scribed results of n-heptane hydrogenolysis over un- 
supported metal powders.lg In contrast, however, this 
early report indicated that Ru, Rh, and Ir were char- 
acterized by multiple bond breakage and Ni was char- 
acterized by selective cleavage of terminal C-C bonds.24s 
In this study, as observed for metal films and powders, 
Pt was found to be unique in its activity for isomeri- 
zation of n-pentane to isopentane. 

A series of reports by Corolleur, Gault, and co- 
workers in 1972 demonstrated the importance of par- 
ticle size effects on mechanisms and product distribu- 
tions of hydrogenolysis reactions over various platinum 
catalysts.24s251 The mechanisms of isomerization and 
hydrogenolysis of aliphatic hydrocarbons as previously 
discussed consist of two distinct processes: (1) the bond 
shift mechanism and (2) the carbocyclic mechanism (cf. 
Figures 18-20). Using 13C labeled hexanes Corolleur 
and Gault showed that interconversions between me- 
thylpentanes and n-hexane occurred 90% of the time 
by a cyclic mechanism except on very large Pt crys- 
tallites (d > 150 A). Interconversions between me- 
thylpentanes occurred only by a cyclic mechanism on 
highly dispersed Pt catalysts (d  < 50 A). However, Pt 
catalysts with average crystallite sizes larger than -50 
A catalyzed the interconversions by a bond-shift 
mechanism predominantly. When a 0.2 wt % Pt/A1203 
(20-A crystallites) catalyst is used, hexane isomerization 
products could be accounted for by a cyclic mechanism 
only. With a 10 wt % Pt/A120, (200-A crystallites) 
catalyst, hexane isomerization products could be ac- 
counted for only by including both cyclic and bond shift 
mechanisms. The selectivity in hydrogenolysis products 
of methylcyclopentane over various Pt catalysts in re- 
lation to metal particle size was also studied.249 The 
selectivities for cleavage at the a, b, and c bonds of MCP 
shown in Figure 25 are definitely affected by the Pt 
particle size as shown in Table XXX. In Table XXX 
r2 relates the relative rates of cleavage at  bond c to 
cleavage at bond a and rl corresponds to b/c. No effect 
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TABLE XXX. Selectivity in Hydrogenolysis of MCP at 
260 "C as a Function of Metal Particle SizeH9 
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10% 10% 10% 10% 
Pt l  P t l  P t /  P t /  

catalyst A1,0, SiO, A1,0, SiO, 

d ~ , "  A 1 8 5  44.5 23.5 1 5  
rl = 3-MP/n-H 4.6 1.46 0.80 0.55 
r2 = 2-MP/3-MP 3.30 2.79 2.70 2.52 
dH determined by the  ratio of number of H atoms ad- 

sorbed to number of Pt atoms deposited on  support, 
3-MP = 3-methylpentane; n-H = n-hexane; 2-MP = 2-meth- 
ylpentane. 

TABLE XXXI. Relative Rates of Hydrogenolysis of C-C 
Bonds at  300 oC251 

1 2  c-c-c-c 1 0.9 
1 2 3  

c--c-c--c 
I 

2 1.2 
1 0.8 
2 0.5 

C 3 1.9 
1 2 3 4  c-c-c-c-c 

I 
C 

1 0.85 
2 0.9 
3 1.2 
4 1.15 

1 2  c-c-c-c 1 1.15 
I 1  c c  2 0.45 
- -  

C 1 0.8 
1 1 2  3 c-c-c-c 

I 

2 
3 

2.2 
0.35 

C 
a See text.  

of support used was observed other than the particle 
size that could be obtained. Particle size effects were 
considered to be due to the influence of particle size on 
the formation of special defects which are responsible 
for various reaction mechanisms. It was presumed that 
these defects are formed during early stages of growth 
of the reactive metal surface during catalyst prepara- 
tion. 

A detailed study of many straight chain and branched 
alkane hydrogenolysis reactions over Pt/A1,03 was re- 
ported in 1977.252 In addition to surface intermediates 
consisting of 1,2- and 1,3-diadsorbed species, as previ- 
ously discussed, 1,4- and 1,5-diadsorbed species were 
postulated as possible important hydrogenolysis inter- 
mediates. Evidence was given that whenever a 1,5- 
diadsorbed species can form, rates of isomerization and 
dehydrocyclization are increased relative to hydrogen- 
olysis. Under the conditions (300 "C) used for the al- 
kane/H2 reactions over Pt in these studies, hydrogen- 
olysis was the main reaction. The structure of the al- 
kanes had an important effect on the distribution of 
products. Different bonds were shown to have different 
reactivities toward cleavage. In general, bonds p to 
tertiary carbons were extensively broken. Bonds a to 
a quaternary carbon were also extensively broken (more 
easily than bonds p to a quaternary carbon). These 
trends are illustrated in Table XXXI which shows a 
reactivity factor w defined as 

actual rate of bond rupture 
statistical rupture rate 

w =  

where statistical rupture rate = [(total hydrogenolysis 
rate) X (number of identical bonds under considera- 

ms = PDSORBEO 

G = U S  PMSE 

Figure 26. Primary (1) and secondary (2) cracking processes in 
hydrogenolysis reactions.253 

tion)] / (total number of bonds). 
The interpretation of hydrogenolysis product distri- 

butions is only valid if it is known that primary pro- 
cesses are being observed. Kuleli and Cecen defined 
primary processes as those that occur without desorp- 
tion and readsorption onto the catalyst surface.253 
Primary processes are indicated by little effect of space 
velocity on product distributions. Two general pro- 
cesses leading to observable product distributions are 
possible, as shown in Figure 26. By varying the flow 
rates and temperatures, it was shown that CH4 pro- 
duction from n-pentane and n-octane hydrogenolysis 
over Ni/A1203 was mainly due to primary multicracking 
(Figure 26 (1)). This multicracking was so rapid that 
not less than 50% of the methane formed was due to 
this process regardless of feed rate and reaction tem- 
perature (150-200 "C). Higher temperatures favored 
more extensive multicracking and hence CHI produc- 
tion. At  lower temperatures (-150 "C) a significant 
amount of primary single cracking occurred (31%), 
producing CH4 and n-butane from n-pentane. This 
single cracking was almost absent above 200 "C. 

All of the hydrogenolysis product distributions cov- 
ered thus far have been initial distributions (<lo% 
conversion) so that secondary processes of adsorption- 
readsorption were not likely. The most recent studies 
of alkane hydrogenolysis have included changes in 
product distributions as a function of c o n v e r s i ~ n . ~ ~ ~ ~ ~ ~ ~  
Machiels and Anderson performed these studies by 
comparing product distributions observed at different 
levels of conversion (0-80 %) to mathematical models 
which accounted for reversible adsorption and desorp- 
tion of the hydrocarbons. Good agreement between 
experimental and theoretical distributions was obtained 
using assumptions such as (1) no isomerization, (2) ir- 
reversible splitting steps (Le., no chain growth), (3) 
first-order splitting and desorption, (4) sequential 
splitting of C-C bonds, and (5) no assumed rate de- 
termining step. The good agreement indicated that 
these were valid assumptions. With this method 2,3- 
dimethylbutane, 2,2-dimethylbutane, and n-hexane 
hydrogenolysis over supported Ni, Ru, Co, and Fe were 
studied. A trend in product distributions was observed 
such that in going from Ru to Ni to Co to Fe the dis- 
tributions were shifted toward smaller hydrocarbons, 
with CH4 being the main product on Fe. On Ru tertiary 
carbon atoms were found to be relatively stable toward 
cleavage while on Ni and Co they were no more stable 
than secondary carbon atoms. Large amounts of CH4 
production on Fe suggested that the adsorbed species 
were very strongly adsorbed and cracking was much 
faster than desorption. Activity toward hydrogenolysis 
followed the sequence Ru > Co > Ni > Fe under the 
conditions employed. Selectivities for the various hy- 
drogenolysis products remained fairly constant at low 
conversions (<20%) with an increasing selectivity for 
CH4 production at higher conversions. This trend was 
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TABLE XXXII. Hydrocarbons Produced by Heating Metal Cluster Compounds Supported on Al,O, 
under 600 torr of COZ5* 

predicted by the model used. 

E. Metal Clusters: Supported, Ligand 
Stabilized, Solvated, and Matrlx Isolated 

This subsection deals with reactions involving H-H, 
C-H, and C-0 bond-breaking on small metal clusters. 
In some cases they are structurally well-defined. This 
section is not intended to serve as a review of homo- 
geneous catalysis but rather to point out some specific 
examples in which the above bond cleavage processes 
have been observed. This area is a zone of transition 
from heterogeneous catalysis to homogeneous catalysis 
the literature of which will, hopefully, be much larger 
10 years from now. 

It was pointed out in the section on the structure and 
stability of small metal particles that current research 
is being pursued in the direction of the synthesis of 
metal clusters which can be characterized in a homo- 
geneous state and then deposited on a support without 
geometric changes in a reversible manner. Unfortu- 
nately little success has been achieved along these lines. 
However, Ichikawa reported the depositions of Ni3 
clusters on Si02 substrates by thermal decomposition 
of [ C P ~ N ~ ~ ( C O ) ~ ]  complexes.124a The very highly dis- 
persed catalyst that resulted from this preparation was 
believed to contain intact Nig clusters. No detailed 
catalytic studies were made, but the activity of the 
catalyst for facile reactions was indicated. Ethylene and 
benzene were both readily hydrogenated at  room tem- 
perature, and H2-D2 exchange was also easy. This 
shows that H-H bond cleavage and C-H bond forma- 
tion are highly activated by two or three nickel atoms. 

The first direct evidence of a “complex” between an 
alkane and a metal ion was reported in 1975.256 Ni2+ 
and Co2+ ions (from nitrate salts) were adsorbed on 
Aerosil. Upon adsorption of saturated hydrocarbons, 
such as n-hexane, on the surface large paramagnetic 
shifts in the powder NMR spectra were observed. On 
Co2+ there was a nonlinear inverse relation between the 
shift and amount of hydrocarbon adsorbed which was 
taken to indicate the formation of a rather weak com- 
plex between the hydrocarbon and Co2+. The heat of 
complexation was 2-2.5 kcal mol-’ larger than the value 
for heat of physical adsorption. Spectral assignments 
showed that Co2+ was tetrahedrally or trigonally coor- 
dinated. From spin density calculations the bonding 
model in Figure 27 was postulated. Ni2+ formed no 
such complex. 

Very recently Ugo, Basset, and co-workers deposited 
Rh, clusters on SO2 ,  A1203, and MgO supports main- 
taining the integrity of the clusters.257 By reaction of 
the supported clusters with excess CO the original 
RhJ,(CO)16 cluster was regenerated. During the thermal 

8 6 9 3 4 
18 11 5 3 1 
1 7  20 7 3 1 

6 1 
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Figure 27. Alkane-Co2+ “ c o m p l e ~ ” . ~ ~ ~  

decomposition of Rh6(C0)16 on A1203, C02, H2, and 
small amounts of hydrocarbons were evolved as prod- 
ucts from a water-gas shift reaction. Therefore, Rh, 
clusters seem to catalyze C-0 and 0-H bond cleavages 
and C-0, C-H, and C-C bond formations to a limited 
extent. This formation of hydrocarbons was observed 
at  temperatures as low as 150 0C.258 A study of other 
metals revealed the following order of activity towards 
the water-gas shift reaction: R u ~ ( C O ) ~  > OS,(CO)~~ > 
Rh4(CO)12 - Rk,(CO),, - Ir4(C0)12 - O S ~ ( C O ) ~ ~ .  This 
reactivity sequence is comparable to that determined 
for the methanation reaction (reaction 8) on metal 
powders. Product distributions of hydrocarbons formed 
upon heating the supported carbonyl clusters under a 
CO atmosphere are shown in Table XXXII. 

Transition-metal complexes have been intensively 
studied by researchers in the field of homogeneous ca- 
talysis. The main goals sought by these workers are 
control of product selectivity, stereochemistry, and the 
use of mild conditions (such as low temperature). 
Tailoring of selectivity by variations of ligands and 
solvent has been achieved to some extent.259 Many 
advances have been made in the synthesis and under- 
standing of monometallic and homonuclear cluster 
compounds for ,easy” catalytic reactions such as olefin 
and arene hydrogenations and hydrocarbon/ deuterium 
exchange Catalysis of more difficult 
reactions such as those involving C-C bond cleavage or 
C-H bond activation in saturated hydrocarbons by 
homogeneous transition-metal complexes has been 
much less studied and with little success.26o A report 
of alkane C-H bond activation by a monometallic 
transition-metal complex (Ir) has appeared in the lit- 
e r a t ~ r e . ~ , ~  This alkane activation is discussed later in 
this subsection. No monometallic complex has been 
found to be active for C-C bond cleavages. Cleavage 
of C-C bond by a ruthenium cluster compound was 
reported and will be discussed shortly.*@ Comparisons 
of processes occurring at the metal centers of homoge- 
neous catalysts with those postulated on heterogeneous 
catalysts have been made frequently (e.g., ref 260, 262, 
266). As a result, the “art” of heterogeneous catalysis 
is rapidly developing into a “science”. 

A recent review by Muetterties has revealed the 
flexibility of a metal complex during the process of 
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Figure 28. Proposed mechanism for arene hydrogenation by 
?3-C2H,C~[P(OCH3)3]3.262 

arene hydrogenation.262 Allylcobalt complexes were 
demonstrated to catalyze, stereoselectively, the hydro- 
genation of various arenes. Mechanistic studies were 
performed that showed that two apparent criteria were 
required in order for these complexes to be catalytically 
active for hydrogenation. First, the allyl ligand seemed 
to be needed so that q1 q3 changes could create open 
coordination sites on the metal center. Second, the 
metal needed to be able to easily, and reversibly, change 
between two oxidation states, +1 and +3 (d8 + d6). 
The latter criteria appear to be general since some 
complexes without allyl ligands have been found to be 
catalytically active. Muetterties and co-workers found 
high stereoselectivity in hydrogenations of arenes using 
q3-C3H,Co[P(OCH3)3]3 as a catalyst. This stereoselec- 
tivity was thought to be a result of continuous com- 
plexation of the arene during a reduction process. A 
mechanistic scheme proposed and supported for benz- 
ene hydrogenation is shown in Figure 28. According 
to this scheme, ligand dissociation from the metal center 
is necessary to generate enough open coordination sites 
for initial arene complexation (q4-arene ligand). Hy- 
drogen becomes attached to the metal center by oxi- 
dative addition, changing the metal from Co(1) ds to 
Co(I1) d6. It appeared as though a q4-bound arene is 
a favorable first step in the hydrogenation sequence due 
to loss of aromatic delocalized energy. However, some 
&sene complexes have been shown to be catalytically 
active. Two such complexes were studied in our labo- 
ratories, $-C6H5CH3Ni (C6F5)2 and ~6-C6H&H3Co- 
(C6F5)2.265 

It has been presumed that dihydride complexes are 
important intermediates in homogeneous olefin or arene 
hydrogenations. Crabtree and co-workers isolated the 

Figure 29. Benzene/D2 exchange catalyzed by metal poly- 
hydrides.267 

first dihydride olefin complex, cis-[IrHz(COD)L2]PF6, 
prepared as in reaction 13.261 This hydrogen addition 

r H ?  

was suggested to be performed by a reductive addition 

Activation of C-H bonds by transition-metal com- 
plexes is illustrated by deuterium exchange reactions 
(which occur readily over heterogeneous catalysts). A 
review of studies on C-H bond activation by mononu- 
clear metal complexes appeared in the literature in 
1975.266 There appears to be a close analogy between 
the process of D/H exchange with hydrocarbons that 
occur a t  the central metal atoms of a soluble complex 
and those that occur at the active sites of a metal sur- 
face. Metal hydrides are the most active of homoge- 
neous catalysts for the exchange of deuterium with 
benzene. The C-H bond activation is believed to in- 
volve cleavage of the C-H bond by the metal, forming 
a C-M bond which subsequently undergoes reaction 
with a reagent such as Dz. 

of Hz. 

NH A - C-D t M-H C--Y t M-D e C-M 
'D 

Some hydride complexes that were active toward 
Dz/benzene exchange reactions are TaH3(C5H,),, Ir- 

HZP(CH,),],; the latter two were the most active. With 
these catalysts only aryl C-H bonds were found to ex- 
change with deuterium and only one C-H bond ex- 
changes per collision. This is in contrast to the multiple 
exchange of aliphatic C-H bonds that occurs over 
heterogeneous catalysts. A mechanism for aromatic 
C-H/D2 exchange by polyhydride metal catalysts was 
proposed in 1972 by Klabunde and P a r ~ h a 1 1 . ~ ~ ~  This 
is illustrated in Figure 29. The key intermediate in the 
exchange reaction is the coordinatively unsaturated 
metal hydride formed by dissociation of Hz from the 
trihydride. Two main processes occur in the reaction: 
(1) coordination of the arene and (2) oxidative addition 
of the aromatic C-H bond to the metal center. Either 
(1) or (2) may be the rate-determining process.266 Some 
complexes have shown activity for benzene/D, ex- 
change which initially contain no hydrides, for example, 
Cp2Nb(C2H5)(C2H4) and CpRh(C,H,),. In these com- 
plexes exchange is observed between Dz and the 
ethylene and cyclopentadienyl ligands. These studies 
suggest that on a metal surface three adjacent metal 
atoms may not be required for deuterium exchange but 
rather three adjacent orbitals on a single metal atom, 
as shown in Figure 30. Some complexes catalyze D2 

HdP(CH3)31z, NbH3(C5H5)2, and TaH5[(CH3)zPCHzC- 
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Figure 30. Benzene/D, exchange intermediates on a transi- 
tion-metal surface.266 

exchange with alkyl C-H bonds as well as multiple 
exchange. One such complex is the (PtC14)- salt, which 
acts like a heterogeneous catalyst in the aforementioned 
aspects.266 

Activation of C-H bonds in alkanes was very recently 
reported.263 In a noncoordinating solvent such as C2- 
H4Clz, cyclopentane was found to react with [1rH2- 
(MezC0)zL2]BF4 (L = PPh3) to give [CpIrHLz]+ in 30% 
yield a t  80 “C. Cyclooctane reacted similarly, giving 
[Ir(COD)L2]+ as a product. In both reactions a no- 
nallylic hydrogen containing olefin, 3,3-dimethyl- 1- 
butene, was added as a hydrogen acceptor. Smaller 
olefins or those containing allylic hydrogens completely 
inhibited the alkane dehydrogenations. The presence 
of the hydrogen acceptor was a necessity. Presumably 
an unstable olefin complex with the butene was formed 
that readily dissociated to allow access of the alkane to 
the metal center. 

Other examples of activation of alkane C-H bonds 
can be found in the literature, mainly by platinum 
group complexes in low, nonzero, oxidation 

As mentioned earlier, no monometallic transition 
metal complexes have been reported to be active in C-C 
bond activation except for strained cyclic compounds 
such as cyclopropane.270 However, R u ~ ( C O ) ~ ~  has been 
shown to react with cyclohexadiene to give the pa l -  
lylruthenium hydride shown in reaction 14.264 The 
reaction was carried out at 98 “C with a 30% yield of 
product. This was the first reported cleavage of an 

M - Ru(CO), 

unstrained C-C bond by a transition-metal complex. 
A trinuclear complex seemed to be most reasonable as 
the catalyst for the cleavage. 

The iron cluster, ( V ~ - C ~ H ~ ) ~ F ~ ~ ( ~ ~ - C O ) ~ ,  was shown 
by Pittman and co-workers to be active for alkyne hy- 
drogenation.260 Furthermore, this cluster was shown to 
selectively reduce terminal alkynes to olefins. 

A recent comprehensive review of the metal cluster- 
surface analogy was given by Muetterties, Rhodin, and 
c o - w o r k e r ~ . ~ ~ ~  By comparison of the structural infor- 
mation of metal clusters containing hydrocarbon ligands 
(e.g., alkyl radical ligands) with the limited data ob- 
tained from studies of hydrocarbon chemisorption on 
metal surfaces, the following extrapolations to metal 
surface chemisorption intermediates were made: (1) 
Saturated hydrocarbons chemisorb dissociatively on 
metal surfaces with a minimum of one C-H or C-C 
bond cleavage to produce an adsorbed radical. (2) 
Multicenter bonds between the surface and an alkyl 
ligand are likely. (3) Two to six carbons of the benzene 
ring of aromatic hydrocarbons may be involved in their 
chemisorption. Aromatic C-H bond cleavage may occur 

Figure 31. Methyl + methylene transformation in HOs3(C- 
0 ) , , , ~ ~ , . 2 7 1  

to allow the c6 ring to be bound in a complex manner 
to the metal surface. (4) CR or CR2 fragments interact 
with a minimum of two surface metal atoms. The alkyl 
“fragments” in molecular clusters are all bound to an 
edge of the cluster, as exemplified by HOs3(CO)&H3 
shown in Figure 31. This Os3 cluster demonstrates 
three bonding concepts that may be applicable to sur- 
face chemistry: (1) multicenter bonding to metal atoms, 
(2) bonding of an alkyl fragment to an edge site on a 
metal surface, and (3) mobility of methyl, methylene, 
and hydrogen species on a metal surface through a 
unique bridging state. 

H 
/ 
/ 

Os - C - ti -0s  

H 
\ 

There are very few cluster compounds containing 
alkyl ligands that could serve as examples of chemi- 
sorbed hydrocarbon species on a metal surface.n1 Much 
future work is required before any reasonably sound 
correlations can be made. As the chemistry of the many 
cluster compounds now available is investigated, pro- 
cesses occurring on metal surfaces will be made more 
clear. 

The final topic discussed in this section deals with 
reactions that occur with “naked” metal atoms and 
clusters. Due to the limited amount of work done in 
this area that can be applied toward an understanding 
of reactions with metal surfaces, only simple cases of 
chemisorption and specific examples of C-H bond 
cleavages of hydrocarbons are considered. 

As described in the section on low temperature 
clustering of metal atoms in inert matrices, naked metal 
atoms and small clusters can be isolated and charac- 
terized by spectroscopic methods. A few studies of 
interactions between these naked clusters and molecules 
have been r e p ~ r t e d . ~ ~ ~ - ~ ~ ~  

A study of the bonding between simple molecules 
such as CO and N2 and isolated nickel, platinum, and 

( x  = 1, 2, 3, 4) complexes were isolated in inert gas 
matrices at 10-20 K. The changes in N-N stretching 
frequencies between free N2 and Nz complexes with 
metal atoms were compared with those changes due to 
chemisorption on metal surfaces as reported in the 
literature for the platinum group metals (Ni, Pd, Pt). 
The ratios of N-N stretching frequencies, AuMN2/ 
AuchemisorbedN2, were found to be 1.9, 1.7, 1.6, and 1.9 for 
Ni, Pd, Pt, and Rh, respectively. This indicates, for all 
metals studied, that there is a weakening of the inter- 
action with the N2 molecule upon going from a single 
metal atom, MN2, to N2 adsorbed on a metal surface. 
N-N stretching force constants for Ni(N2)4, NiN2, and 
N2 adsorbed on a Ni surface were calculated as 19.65, 
17.74, and 19.99 mdyn/A, respectively. Values for 
Ni(C0)4, NiCO, and CO adsorbed on a Ni surface were 
found to be 17.23, 16.09, and 17.38 mdyn/A, respec- 

palladium atoms was reported in 1975.272,2731276 M(N 2)r 
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tively. These data indicate that the bonding between 
these ligands and metal atoms in ordinary complexes 
such as Ni(CO), is very similar in both strength and 
character to those on a metal surface.273 In addition it 
was shown that there is a decrease in donation from 
the ligands and ?r back-bonding to the ligand upon 
going from a complex to chemisorption on a metal 
surface. 

Moskovits pointed out in a recent review that N2 
interaction with Fe atoms and Fe metal surfaces is 
physical in nature.276 However, small clusters of Fe 
were found to chemisorb N2. I t  was cautioned that 
conclusions obtained from studies of mononuclear 
species are not necessarily applicable to small clusters 
and results from small cluster studies are not necessarily 
applicable to bulk metals. Matrix isolation studies of 
CO on Pd atoms and aggregates forming Pd,CO (x 5 
4) in frozen Ar matrices revealed IR bands corre- 
sponding to linearly bonded, p2-bridged and p3-bridged 
carbonyls. It was also pointed out by Moskovits that 
broadening of peaks and shifts to higher frequencies in 
the IR with increasing coverage of CO on Pd  single 
crystal planes has been observed. This was explained 
by a rather strong “communication” between adsorbate 
molecules, presumably a result of vibrational coupling 
between the admolecules via conduction electrons of the 
metal. These nonlocal interactions are much stronger 
between adsorbate molecules on a metal surface than 
between ligands in cluster carbonyls. 

Reactions of ethylene with metal atoms and small 
clusters (M2) in inert matrices were studied by Ozin and 
Power.274p275 A study of the complexes Ni2(C2H4)m (m 
= 1, 2) and Ni(C2H4), ( m  = 1, 2, 3) revealed that ad- 
dition of a second metal atom increases the M-C2H, 
binding energy.275 Thus, the binding energy increased 
from 14.2 kcal for Ni(C2H4) to 16.8 kcal for Ni2(C2H4). 
Also, in the Ni2(C2H4) complex the ethylene was 
thought to be mainly interacting with only one of the 
two nickel atoms so the other nickel atom displays the 
effect of a neighboring atom. A study of C2H4 inter- 
action with Pd atoms and a Pd metal surface showed 
a strengthening of C=C and C-H bonds upon going 
from (CzH4)Pd to (CzH4)adsPdmea (Pd/AlZO3). There 
appears to be an optimal size of cluster between M,, 
and Mbdk for maximum interaction with C2H4. One 
must be careful in placing much faith in these corre- 
lations due to other factors such as support-metal in- 
teractions and surface cleanliness. 

Interactions of metal atoms with arenes have been 
utilized to a large extent in preparative metal atom 
chemistry.277 Chromium atoms react with benzene to 
form bis(benzene)chromium; however, complexes of 
benzene and Fe, Co, and Ni appear to have a 1:l 
benzene:metal stoichiometry when formed at low tem- 
perature (77 and 10 K).2788279 It should be noted that 
the existence of a formal 1:l stoichiometry in these low 
temperature complexes is the subject of much contro- 
v e r ~ y . ~ ~ ~  The strength of interaction between arenes 
and metal atoms is of the order Cr > Fe > Co > Ni as 
determined by relative C=C stretching and C-H 
bending modes of benzene in the complexes by use of 
matrix isolation techniques.278 Decomposition of 
Ni-(toluene) complexes in toluene matrices by matrix 
meltdown and warmup leads to metal particle forma- 
tion and fragmentation of the arene ligands as indicated 

by high carbon and hydrogen content in the metal 
powders produced.280p281 Even cleavage of saturated 
hydrocarbons by clusters of nickel atoms has been in- 
dicated.281 Nickel particles formed by Ni toluene de- 
composition at low temperatures were shown to have 
very interesting magnetic properties.280 X-ray diffrac- 
tion patterns and interference functions revealed nickel 
crystallite sizes of 16 A diameter and a normal fccub 
packing. These small metal particles would be expected 
to exhibit superparamagnetism; however, this was not 
observed in magnetization vs. H I T  curves. Further- 
more, sample magnetization increased with increasing 
temperature in the 450-500 K range. These results 
indicated that the small crystallites were not isolated, 
but nearly in contact with each other such that mag- 
netic coupling interactions between crystallites occur- 
red. Organic surface layers were shown to be present 
on the crystallites, preventing their direct contact. 
Heating in the 450-500 K range caused a loss of some 
organic layers, allowing enhancement in interparticle 
coupling. The nature of the organic layers was not 
investigated. 

At low temperatures, Ozin and co-workers showed 
that vanadium atoms isolated in alkane matrices did 
not react with the matrix molecules up to one-half the 
melting point of the alkane.89 

A possible example of C-H activation by a single 
metal atom can be found in an early report of Skell and 
co-workers.282 Cocondensation of iron atoms and 1,3- 
cyclohexadiene at 77 K followed by reaction at 97 K for 
1 h led to formation of cyclohexene (33%), benzene 
(36%), and cyclohexadiene (30%). It appeared as 
though this disproportionation reaction involved only 
a single iron atom. 

A recent report by Skell and co-workers suggested 
that Zr atoms can react with alkanes (isobutane and 
neopentane) at cryogenic temperatures (77 K).283 Co- 
condensation of Zr atoms with neopentane followed by 
warmup and solvent removal produced a black powder. 
During matrix warmup Hz and small amounts of CH, 
were produced; they evolved for about 1 h after the 
matrix reached room temperature. Hydrolysis of the 
dried black powder with D20 produced HD (80%) and 
D2 (20%) as well as C2, C3, and C4 hydrocarbons that 
were highly deuterated. Neopentane was also released 
but was exclusively monodeuterated. The lack of po- 
lydeuterated neopentane and the presence of hydrogen 
and olefinic products were taken to indicate a lack of 
an active metal surface catalyzing H/D exchange be- 
tween D20 and the hydrocarbon products. In light of 
Ozin’s work on vanadium atom clustering in alkane 
matrices it was suggested that Zr atoms reacted with 
the alkane matrix upon impact to form species a and 
b of Figure 32. The black solid obtained was suggested 
to be a three-dimensional structure formed by agglom- 
eration of organozirconium species. Muetterties has 
cautioned chemists to be wary of results obtained from 
“black” reaction mixtures when attempting to attribute 
reactions to monometallic species.262 No X-ray studies 
were performed on Skell’s black powders, which were 
believed to contain only monozirconium species. Such 
studies would clearly show if crystallites were indeed 
present . 

A recent report by Ridge and co-workers has shown 
that Fe+, Co+, and Ni+ ions, generated by electron im- 
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Figure 32. Organozirconium species formed by reaction of Zr 
atoms with n e ~ p e n t a n e . ~ ~ ~  

+ Fe +,C-Fe t +  +-? 

\ 

H, + Fe-- + - -  ,), -:>Fi---), 

1 

Figure 33. Proposed reaction mechanisms for Fe+ + isobutane 
and Fe+ + n-butane.2" 

pact on the corresponding carbonyl complexes, react 
with alkanes by insertion into C-H or C-C bonds.284 
With monodeuterated isobutane and n-butane the 
mechanisms shown in Figure 33 were suggested to ac- 
count for products. Either initial C-C insertion or C-H 
insertion can account for the cleavage products of n- 
C4HIo by the metal ions. Thus, reaction 3 of Figure 33 
could follow the reaction 2 analogue for n-butane to 
cause H2 evolution and formation of FeC4H6+. Evolu- 
tion of CHI is believed to be caused by an initial Fe+ 
insertion into a C-C bond of isobutane as shown in 
reaction 1 of Figure 33. This reaction accounts for 85% 
of the reaction products while reaction 2 accounts for 
only 15%. 

Pearson and co-workers recently reported oxidative 
cleavage of C-H bonds of an alkane (CH,) by iron di- 
mers (Fe,) in a low temperature matrix.285 These 
workers used Mossbauer spectroscopy of Fe/CH, ma- 
trices to obtain evidence of reaction between Fez and 
CHI. In contrast, Fe atoms showed no reaction with 
the methane matrix. Bands in the 2000-~m-~ region of 
the infrared gave indications of Fe-H presence. The 

reaction sequences suggested are 
Fee f CH4 - HFeFeCH3 or FeFeCHz 

I 
h 

and possibly 
H 

I 
FeFeCH3 - Fe-Fe=CHz 

I 
H 

I 
H 

due to the expected change of oxidation state from 
Fe(0) to Fe(I1). None of the above structures have been 
rigorously characterized, but the Mossbauer spectra 
provide strong evidence for the reaction. 

Current studies by Billups and co-workers have 
demonstrated, by IR spectroscopy, that Fe atoms can 
insert into C-H bonds of methane in low temperature 
matrices when subjected to photolysis by a Hg arc 
lamp.286 No insertion occurs without the photoexcita- 
tion. 

hu 
M + CHI + argon CH3-M-H 

(excess) 

A summary of recent matrix metal atom/cluster re- 
actions would be in order since several remarkable hy- 
drocarbon reactions have been observed. These find- 
ings are enumerated chronologically as follows: (1) 
Small Ni clusters react with alkanes and arenes by C-C 
and C-H cleavages as low as -130 0C.73974p281 (2) Diiron 
(Fez) reacts with CHI by C-H insertion as low as 15 
K.285 (3) Zr atoms react with alkanes by C-C and C-H 
cleavage as low as -196 0C.283 (4) Several metal atoms 
react with CH, by C-H insertion upon photolytic ex- 
citation of the metal atom as low as 15 Kqm The weight 
of all this evidence is very convincing, and indicates that 
bare atoms and clusters exhibit astonishing reactivities 
with hydrocarbons. Further studies are certainly war- 
ranted since these recent reports set the scene for 
possibly gaining fundamental knowledge about atom vs. 
cluster reactions with hydrocarbons. 

VZZ. Methods tor the Characterlzatlon of Metal 
Partlcles, Metal Surfaces, and Adsorbed Species 

This section deals with experimental methods used 
to study the topography and chemical composition of 
metal surfaces. It is intended to be a "broad brush" 
introduction to the many new techniques and methods 
made available in recent years. Main emphasis is 
placed on methods suitable for studying dispersed metal 
catalysts containing small metal crystallites (<loo A). 
Many surface analysis techniques applicable to massive 
metal surfaces and thin films are summarized briefly. 
The reader who is interested in these techniques is 
referred to more exhaustive recent reviews by Madix 
and by Nieuwenhuys as well as other reviews cited in 
previous sections of this re vie^.^^^,^^ Methods covered 
in this section that are suitable for studies of dispersed 
metals are used to provide information concerning (1) 
surface area, (2) crystallite size, and (3) chemical com- 
position (nature of adsorbed species). 

Extensive research has been carried out for the last 
30 years in the development of techniques to study solid 
surfaces. Today the list of such techniques is quite 
extensive. A complete description of all the available 
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techniques used to study surfaces would be voluminous; 
therefore, those most commonly employed will be sum- 
marized. 

The counterpart of X-ray crystallography in surface 
chemistry is low energy electron diffraction (LEED). 
LEED involves the irradiation of a specimen surface 
with low energy electrons (10-200 eV) and records the 
elastically back-reflected electron beams. The picture 
obtained consists of spots, the geometric arrangement 
of which can be used to determine the two-dimensional 
unit cell vectors of the surface lattice. Long-range order 
must be present on the surface (2200 A laterally)172 in 
order to get sharp spots. It is this requirement of LEED 
that limits its applicability to single metal crystals and 
thin films. Nieuwenhuys pointed out that information 
on the atomic structure of thin film surfaces is limited 
due to the lack of ordered domains of 200 A in these 
specimens.288 

LEED is very useful for the study of single metal 
crystals. Analysis of diffraction spots intensities (0 as 
a function of incident beam energy (V) yields I-V 
profiles that can be used to determine the location of 
adsorbed atoms or simple molecules on the surface. 

The measurement of the work function, which is the 
energy required to remove an electron from the top of 
the Fermi sea to a point outside the metal, is suitable 
for massive metals and thin polycrystalline films. The 
work function is highly dependent upon the structure 
of a film since it is closely related to the electron dis- 
tribution in the surface region. The work function of 
tungsten crystals has been related to the density of 
steps on the surface.2s7 Work functions can also be used 
to provide compositional information since adsorbed 
species change its value. 

A final technique commonly employed to determine 
surface topography of massive metals and thin films is 
transmission electron microscopy (TEM). The surfaces 
of massive metal samples are studied by making replicas 
of the surfaces and looking at  these by TEM. Repli- 
cation is performed by coating the metal surface with 
a thin film of plastic, which is subsequently removed. 
In a one-step process, the plastic impression is shad- 
owed with a metal such as platinum and also with 
carbon by evaporative deposition. In a two-step process, 
the plastic impression is coated with a thin layer of 
evaporated carbon. The plastic is removed by a suitable 
solvent and the carbon replica is then shadowed. With 
the two-step process resolutions of about 20 A can be 
~ b t a i n e d . ~  

Thin films are best observed by TEM when they are 
deposited on mica. A thin top layer of the mica is 
peeled off using “Cellotape”. The “Cellotape” is then 
dissolved and the film on mica is recovered on a TEM 
grid for observation. 

Surface composition of massive metals and thin films 
can be obtained by a wide variety of techniques. Many 
electron spectroscopy techniques have been developed 
for the study of metal surfaces. These techniques fall 
into two general categories: (1) core-level electron 
spectroscopy and (2) valence electron spectroscopy. 
The first category includes methods such as X-ray 
photoemission spectroscopy (XPS), electron energy loss 
spectroscopy (ELS), photoelectron spectroscopy (PES), 
Auger electron spectroscopy (AES), and appearance 
potential spectroscopy (APS). The second category 
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includes methods such as ultraviolet photoemission 
spectroscopy (UPS). 

In XPS incident X-rays excite electrons from a core 
level to the vacuum level and the energy distribution 
of the emitted electrons is observed. This technique 
provides information concerning the oxidation state of 
atoms and elemental composition of the surface. This 
method is used for electron spectroscopy for chemical 
analysis (ESCA). 

ELS and HRELS (high resolution electron energy 
loss spectroscopy) involve excitation of core level elec- 
trons by incident electrons to a final level above the 
Fermi level of the metal. In making this transition the 
incident electrons reflected back in an inelastic manner 
suffer energy losses. This loss of energy can be analyzed 
to obtain vibrational spectra of adsorbed atoms and 
molecules. 

A core level electron of a surface or near surface atom 
can be excited by an electron or photon of higher en- 
ergy. Deexcitation follows by removal of an electron 
from a higher energy level to the hole created by ex- 
citation of the core level electron. During this process 
energy is released which is compensated for by release 
of an electron from another level, called an Auger 
electron in AES. An X-ray photon may also be emitted. 
In AES the energy distribution of emitted Auger elec- 
trons is measured. Since AES involves excitation of 
core level electrons it is good for determinations of 
surface elemental composition and distribution map- 
ping. In APS the derivative of the intensity of emitted 
X-rays or Auger electrons is measured as a function of 
incident electron energy. When the incident electron 
energy is increased, a threshold value is reached that 
is just sufficient in magnitude to excite a core electron 
to vacant levels above the Fermi level (EF). When this 
threshold potential is reached, there is a sudden in- 
crease in the intensity of emission that is recorded as 
a peak in the derivative curve of the emission intensity. 
Core level electrons are excited by high energy photons 
in PES. The kinetic energy of a photoelectron ejected 
from the surface by the incident photon is given by the 
photon energy minus the work function and the dif- 
ference in energy between the electron level and the 
Fermi level. These transitions are element dependent, 
which makes APS and PES well suited for composi- 
tional analysis. 

AES and related methods have the advantage of be- 
ing fast and accurate for analysis of surface composition. 
However, chemical or structural changes in the surface 
may be induced by impact of the high energy electron 
beam.288 XPS has the advantage of being suitable for 
surfaces that are easily damaged by electron bom- 
bardment. However, poor spacial resolution is obtained 
due to  the inability to focus an intense X-ray beam. 

The major valence electron spectroscopy technique 
is UPS. This method involves the adsorption of an 
ultraviolet photon by a valence electron whose energy 
is then increased by hu of the photon. The final energy 
state (E,) of the excited electron is measured. With 
knowledge of the value of E2, the energy of the excited 
electron before excitement (E,) can easily by deter- 
mined by El = E2 - hv. In UPS incident photons with 
energies in the range 10-45 eV are used. Since this 
technique produces photoelectrons originating from the 
valence band of the solid, it is used primarily in the 
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elucidation of band structure rather than chemical 
analysis. In XPS band states as well as core states can 
be analyzed. 

In addition to the various electron spectroscopic 
techniques, ion spectroscopic methods are also used. 
The two main techniques are secondary ion mass 
spectrometry (SIMS) and ion scattering spectroscopy 
(ISS). In SIMS a specimen surface is bombarded by 
high energy ions (keV range); this causes ejection of 
positive and negative ions. The masses of the secondary 
ions are measured. This method is a very sensitive one 
for surface composition analysis. ISS is somewhat less 
sensitive than SIMS. ISS involves bombardment of a 
surface with a monoenergetic beam of inert gas ions, 
which are back-scattered from the surface with an ac- 
companying loss of energy. The energy loss of the ions 
due to their inelastic collision is a function of the mass 
of the surface atoms with which they collide. The major 
problem with these methods (SIMS and ISS) is that 
surface etching of the surface occurs during the analysis. 

The above techniques require that the electrons or 
ions emitted from the surface under study are able to 
reach the detector without interference from collisions 
with other surfaces. It is for this reason that these 
methods are best suited for thin film or massive metal 
surfaces studies. Metal powders must be pressed into 
pellets which may cause morphological changes such as 
sintering. Supported metals need to be used that have 
rather high metal loadings so that sufficient intensities 
of electrons or ions can be obtained to give good signal 
to noise ratios. It is for this reason that electron-stim- 
ulated Auger electron spectroscopy of highly dispersed 
supported metal catalysts has not been r e ~ a r d i n g . ~  

Methods of characterization which are commonly 
used for dispersed metal catalysts include (1) physical 
and chemical adsorption of gases, (2) X-ray diffraction 
and scattering, (3) electron microscopy, (4) magnetic 
measurements, (5) infrared spectroscopy, and (6)  tem- 
perature programmed desorption. Of the above meth- 
ods, (5 )  and (6) are used for characterization of adsorbed 
species such as hydrocarbons. These latter two methods 
are much less commonly used than the former four. 

The most commonly measured characteristic of dis- 
persed metal catalysts is surface area. The importance 
of this parameter is obvious. The higher the surface 
area of a catalyst that is exposed to reactants, the higher 
is the total conversion to products. Metal atoms that 
are not present on the surfaces of particles are in effect 
"wasted" and increase the expense of a catalyst. It is, 
therefore, most desirable to obtain the highest surface 
to volume ratios of catalytic metal particles possible. 
The surface area is inversely proportional to particle 
size so very small particles of metals are desirable. 
Surface areas are normally expressed as specific areas 
(area per unit mass). 

In 1938 Brunauer, Emmett, and Teller reported a 
technique for rapidly and accurately determining sur- 
face areas using gas adsorption.289 The technique, re- 
ferred to as the BET method, is used routinely today. 
Brunauer, Emmett, and Teller obtained low tempera- 
ture van der Waals adsorption isotherms for various 
gases (N2, 02, Ar, CO, C02,  and SO2) on various cata- 
lysts. In all cases S-shaped isotherms were obtained 
(e.g., see Figure 34) that were concave with respect to 
the pressure axis at  low pressures and convex at  high 

Davis and Klabunde 

0 200 400 600 800 

Pressure (TORR) 

Figure 34. Typical adsorption isotherm for surface area deter- 
mination by N2 adsorption a t  77 K. 

pressures. The Langmuir theory of multimolecular 
adsorption was used to interpret the results. Two 
equations emerged, 15 and 16, which predicted S- 
shaped isotherms. Equation 16 related the total vol- 

1 - (n  + 1)x" + nxn+l 

.=(3?) (1 - x) 1 + ( c  - 1)x - cxn+l 
(16) 

ume of gas adsorbed ( u )  at various pressurs ( x )  to the 
number of layers of gas molecules formed on the surface 
(n). In the equations p o  is the saturation pressure of 
the gas above which no further adsorption occurs. 
Constant c is approximately equal to e ( E 1 - E L ) / R T ,  where 
El is the heat of adsorption of a monolayer of the gas 
and EL is the heat of liquefaction of the gas; x = PIP,, 
where P is the gas pressure above the sample. The most 
important value which is a constant for a given sample 
is u,. u, is the volume of gas adsorbed when the entire 
adsorbent surface is covered with a complete unimo- 
lecular layer. It was demonstrated that u, can be 
readily obtained by plotting volume of gas adsorbed 
(STP) vs. pressure (torr) from experimental measure- 
ments. The point (B) at  which the curve begins to 
become linear corresponds to u,, as shown in Figure 34. 
Once u, is known, the value can be used to determine 
surface area. This is done by multiplication of the 
number of molecules corresonding to um by the average 
area occupied by each adsorbed molecule or atom. A 
general criterion for this method is that the experiment 
is carried out a t  a temperature that is close to the 
condensation temperature of the adsorbate gas em- 
ployed. 

Another very useful gas adsorption technique is that 
of chemisorption. This method is particularly useful 
for determining the surface area of a metal in a sup- 
ported catalyst. This is achieved by using hydrogen 
which chemisorbs selectively on the metal (e.g., nickel) 
and not the support (e.g., alumina). Hydrogen ad- 
sorption isotherms are obtained in an entirely analogous 
manner as the BET isotherms. However, there is a 
sharp change in slope once a complete monolayer of 
hydrogen is chemisorbed to the metal. This monolayer 
consists of one hydrogen atom per surface metal atom 
(in the case of nickel) since hydrogen chemisorbs dis- 
~ociatively.~ The surface area is then easily determined 
by multiplication of the number of hydrogen atoms in 
a complete monolayer by the cross-sectional area of the 
metal atom (e.g., nickel). 

Anderson points out that contamination of unsup- 
ported nickel catalysts can create problems with hy- 
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drogen chemi~orption.~ It has been observed that there 
is a substantial slow hydrogen uptake which could be 
caused by carbonaceous contamination. Chemisorption 
of hydrogen on clean polycrystalline films of nickel is 
very rapid, with a monolayer being formed in a few 
seconds to a minute. Slow uptake is characterized by 
adsorption that may take as long as several hours to 
reach monolayer capacity. The reasons for slow hy- 
drogen uptake are not clear. However, it is assumed 
that chemisorption stoichiometry for the slow compo- 
nent is the same value as the fast ~omponen t .~  

Surface area determination can be used to calculate 
average metal particle sizes of Catalysts? Once the total 
surface area, A ,  is known, the average particle size can 
be found after determination of the total metal volume. 
This latter value is obtained from the mass of metal 
present and its density. The average diameter, assum- 
ing spherical particles, is given by 

dVA = 6 V / A  

Sermon reported an equation for the determination of 
average particle diameters, which is 

6 X lo3 
Dcalcd = - 

P Savg 

where D d d  is average particle diameter (nm), p is metal 
density (g ~ m - ~ ) ,  and Savg is average surface area (m2 

Another method used to determine crystallite sizes 
is X-ray diffraction line br0adening.7~W In this method 
the Scherrer equation is used which is commonly in the 
form 

g-l).lll 

L = K X / ( P  COS e)  
where L is crystallite size (A), X is the X-ray wavelength 
(A), K is a constant, usually taken as 0.9, is the ob- 
served peak width a t  one-half maximum intensity for 
any given reflection, and 0 is the Bragg angle for the 
reflection. 

The reason this method works is that peaks observed 
from the diffraction of X-rays become broadened as the 
sample becomes less crystalline, which occurs as the 
crystallite sizes decrease. Thus, the broadening of 
diffraction peaks is related to crystallite size by the 
Scherrer equation. Other factors that contribute to line 
broadening are (1) the geometry of the specimen, (2) 
X-ray adsorption and scattering effects in the specimen, 
and (3) instrumental effects.70 Broadening due to the 
system setup is determined by using a crystalline ma- 
terial (such as quartz powder), that should have no 
broadening. The true broadening of the sample is then 
found by the relationship: 

&e = B20,s,- @21n,,1 

This is called the Warren’s relationship after its 1941 
founder.291 I t  has been found that greater accuracy is 
obtained if &,, is used in the Scherrer equation, where 

Pcorr = (Pobsd - Pinetr) (P2means - P2instr)1’2 

Whyte pointed out that the best accuracy that can be 
obtained with this method is 50% due to the different 
shapes of particles present in the specimen.125 

In 1977 DeAngelis and co-workers reported a method 
that enables one to determine a particle size distribution 
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function from a single X-ray diffraction pr0fi1e.l’~ The 
calcualtions necessary are quite involved but have been 
computerized by this group. The main advantage of 
this method is that lattice strains which may be ap- 
preciable in very small crystallites are taken into ac- 
count. Knowledge of crystallite size distributions in 
catalysts has been realized to be very important in 
determining structural effects on catalytic reactions and 
in sintering s t ~ d i e s . ’ ~ ~ J ~ ~  

The main advantage of X-ray diffraction over gas 
adsorption measurements for particle size determina- 
tion is the insensitivity of the former to catalyst con- 
tamination.lZ5 In gas adsorption techniques much of 
the metal surface may be inaccessible to the adsorbate, 
resulting in too large of a particle diameter as measured. 
This lack of adsorbate accessibility may be due to 
surface contamination or the presence of micropores too 
small to allow adsorbate entrance. 

X-ray diffraction line broadening is most useful for 
the determination of crystallites in the 30-500 A diam- 
eter rangea3 Smaller crystallite sizes than 30 A result 
in lines so broad and diffuse that they are difficult to 
measure. Smaller crystallite sizes than 30 A have, 
however, been reported using the X-ray diffraction 
technique.130 

Small angle X-ray scattering has been used to de- 
termine crystallite sizes down to 10-A diameter.3 This 
method involves analysis of X-radiation scattered 
within a few degrees of the incident beam. This tech- 
nique, called SAXS, is most commonly used for highly 
dispersed supported catalyst particle size determina- 
tions. The main difficulty encountered in the technique 
is scattering that occurs in support pores. For allevia- 
tion of this problem, the support pores are filled with 
a liquid that has the same electron density as the sup- 
port. This leaves the metal particles as the only scat- 
tering centers. 

Electron microscopy is widely used for average par- 
ticle size and particle size distribution determinations. 
The method is very straightforward but has the disad- 
vantage of being time consuming since many samples 
must be observed to obtain representative measure- 
ments. The main advantage is that particle shapes can 
be 0 b s e r ~ e d . I ~ ~  The lower size limit of particles ob- 
servable is dependent on the power and resolution of 
the microscope. Particle sizes as small as 10 A have 
been observed by this method using TEM. 

When a bulk ferromagnetic metal such as nickel is 
subdivided into very small particles, there is a drastic 
change in the magnetic properties. If a particle of a 
normally ferromagnetic metal has a size that is smaller 
than a ferromagnetic domain (100-300 A), it will no 
longer be attracted to an ordinary bar magnet. If 
subjected to a large external field, it will act like a 
paramagnetic atom with a very large magnetic moment. 
This phenomenon is termed “collective paramagnetism” 
or “s~perparamagnetism”,~J~~ This unique property of 
small particles of ferromagnetic metals has been applied 
in a technique to determine particle size and distribu- 
tion profiles. 

The basis for such determinations is that an assembly 
of the small particles can be treated as though it is an 
assembly of paramagnetic atoms. If there are nj par- 
ticles each having a volume of u;, the magnetic moment 
mi is expressed as 
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where M,  is spontaneous magnetization and H is field 

for eq 17. The high field approach uses a high field 
strength (10 kOe) and low temperature (14.2 K). The 
smallest particles are affected most by the high fields. 
The second approximation is the low field approach, 
which uses field strengths of 5 kOe or less at  room 
temperature. The low field approach determines the 
sizes of the larger particles. 

Under the low field approximation eq 17 reduces to 

strength. 8 There are two types of approximations used 

for particles that have the same size.'42 Since not all 
particles are the same size 

where u p i  = V in eq 18, ni is the number of particles 
with volume ui. M,  is approximately equal to MSpCniui, 
and if relative magnetizations are used, then 

where M ,  is the saturation magnetization (maximum 
field strength after which the magnetization becomes 
field independent). The average particle volume under 
the low field approximation is 02/fi, which may be 
represented as 

02/6 is obtained by plotting M vs. H /  T and taking the 
slope a t  very low values of H.  

In practice M, is first determined by using high field 
strengths and very low temperatures or by use of an 
empirical relation at  higher temperatures and lower 
field strengths as discussed later. Once M,  is deter- 
mined, M is measured at  a known field strength (e.g., 
1 kOe). An assumption is that M g  for small metal 
particles is the same as the bulk MJJ value (e.g., 485 G 
for nickel a t  296 K). Since all terms of eq 21 are now 
known, 02/6 can be readily calculated. It has been 
shown that u2/o is an upper limit for the average par- 
ticle v01ume.l~~ In order to obtain an accurate value for 
M,, very high field strengths and extremely low tem- 
peratures are needed. However, a rather close ap- 
proximation can be used which is an empirical relation 
of Heukelom modified by Trzebiatowski in the form of 

1 1  1 = - +  
M s  Ms(aH)O.g 

where a is a constant and an assumption of no residual 
magnetization is made.mq293 A plot of 1/M vs. l/(aH)O,g 
should give a straight line with an intercept of the 
vertical axis at  M,. 

Average particle diameters (a) are easily found from 
u 2 / d  by 

d = [(6fi2/fi)/7r]1/3 

Variations of the magnetic method calculations have 
been reported in the l i t e r a t ~ r e . l ~ ~ J ~ ~  However, the low 
field approximation is most commonly employed. 

The most fundamental criteria that must be estab- 
lished is that superparamagnetism does exist in the 
sample. This is determined by plotting M vs. H /  T for 
various field strengths. Superimposition of the curves 
occurs when superparamagnetism is present. As men- 
tioned previously in this review, Scott did not observe 
superimposition of M vs. H /  T curves for nickel powders 
produced by cocondensation of nickel atoms and tolu- 
ene vapors at  77 K followed by warmup and solvent 
removal.280 This was very unexpected since SAXS and 
TEM studies showed average crystallite sizes of 16-A 
diameter, which is well within the range for superpar- 
amagnetism to occur. This lack of superparamagnetism 
was sug ested to be due to magnetic coupling between 
the 16- 1 crystallites through a carbonaceous layer of 
2-5.5 A. 

The validity of the assumption that saturation 
magnetization values for small particles and bulk metal 
are equal has recently been dem0n~t ra t ed . l~~  Fur- 
thermore, it was shown that the Curie temperature of 
a metallic sample is independent of particle size but 
strongly dependent on the degree of reduction of the 
metal. Variations in magnetic properties due to chem- 
isorption of hydrocarbons was exploited by Martin and 
Imelik.242 These workers used magnetic measurements 
to determine the number of covalent bonds between the 
adsorbed hydrocarbon and the metal for adsorption 
studies on Ni/SiOz catalysts. The results of this study 
have already been discussed. 

Methods for direct observation of catalytic reaction 
intermediates or chemisorbed molecules on dispersed 
transition-metal catalysts are limited, and few reports 
can be found in the literature. Of the spectroscopic 
techniques available, only infrared spectroscopy has 
been fruitful. Most IR absorption studies have been 
made with highly dispersed supported metal catalysts 
in which the support material is rather transparent to 
IR radiation (e.g., SiOz and Al,O,). This dispersion is 
necessary since metal particles or agglomerates larger 
than about 100 A create severe energy dispersion by 
scattering.294 An example of IR spectroscopy for the 
study of chemisorbed species can be found in a 1975 
report by E r k e l e n ~ . ~ ~ ~  Erkelens used a dual cell to 
compensate for the gas phase spectra of various gases 
over Ni/Si02 catalysts. The IR spectra of CzH4, C3H6, 
1-butene, and butadiene were monitored during their 
hydrogenations over Ni/Si02 catalysts. In the case of 
ethylene, a band a t  3012 cm-' was attributed to the 
species NiCH=CHNi. If the spectral assignment was 
correct, direct evidence for dissociative chemisorption 
has been made. The major problem encountered in the 
study of hydrocarbon adsorption by IR is the weak 
absorptions by the IR active species. This is probably 
the reason that most IR studies of chemisorption have 
been limited to strongly IR absorbing species such as 
carbon monoxide. 

Samples that lack IR transparency, such as com- 
pacted powders or films, can be studied by using re- 
flectance methods involving multiple reflections. The 
combination of this method with Fourier spectroscopy 
seems promising.294 
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Temperature programmed desorption is a widely 
used method for identification of adsorbed s p e ~ i e s . ~ J ~ a  
Information concerning the binding energy of the ad- 
sorbed species on the metal surface can be obtained 
since the temperature a t  which a molecule desorbs 
depends upon the strengths of the chemisorptive bonds. 
A major disadvantage that this method suffers is that 
reactions of the adsorbed species such as dehydroge- 
nation (for adsorbed hydrocarbons) may occur during 
heating, creating a more strongly chemisorbed species 
which will not desorb readily. 
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